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Chapter 1

Prologue

1.1 The Quantum Optics Lab

The Quantum Optics Group in Aarhus started in 1993 with nothing but an empty room an a handful
of money at its disposal. When I joined the group in 1994 this room was furnished and an optics table
together with an Argon ion laser pumped Ti:Sapphire was about the only scientific equipment present in
the lab. Since then the development of the lab has been almost explosive and the Quantum Optics Group
has flourished. This should be accredited to the group leader Eugene Polzik, whose ideas, sometimes
crazy, sometimes not, really has challenged me and my fellow students in the lab and inspired us to use
abilities we did not know we had.

Having been with the group almost from its beginning, I have had the privilege of working with a
multitude of very skilled people. The first of these is Lior Shiv with whom I worked on the BLIIRA
measurements. The MOT work was done together with Jan Hald. He and I have shared many frustrations
in the last couple of years with mode jumping lasers, burned ion pumps and one extremely playful Argon
ion laser. We have however also shared many successes, and I am sure that without Jan the MOT work
would not turned out to be so fruitful as it is the case. Also involved in the MOT work have been Lasse
Leick together with Nicolaj Jorgenesen and John Erland. In fact the last two have been responsible for
the construction of the MOT. During my visit at California Institute of Technology in the Quantum
Optics Group of professor H. J. Kimble I have enjoyed to work together with Akira Furasawa, Nikos
Georgiades and David Vernooy. I am specially grateful to Jeff Kimble for his hospitality and for giving
me the possibility of participating in an exciting new project. Working in the stimulating environment at
Caltech has taught me that a lot about the spirit needed to perform the complicated experiments often
encountered in quantum optics. Furthermore I have assisted Peter Lodahl with his work on frequency
doubling of diode lasers and the investigation of the phase noise in these. This work will not be presented
in this thesis because my involvement here only was minor. Apart from the above mentioned people I have
enjoyed the company of Christian Schori, Jens Peter Christensen, Jacob Skovborg and Mikkel Andersen.
These guys have made the life in a dark basement a bit more interesting and they have contributed
generously to the beerlist with a series of burned fuses, holes burnt in the wall by high power laser beams
and interesting discussions for instance about the hole size in swiss cheese. Finally my warmest gratitude
goes to my thesis advisor Eugene Polzik. With his eternal optimism and great patience he has been truly
a great inspiration and a pleasure to work with.

I cannot thank my wife Line enough for her great patience and for supporting me on days when the
lab work has left me with more questions than answers.
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1.2 Publications and presentations

The work presented in this thesis has been the basis of the following publications

1. L. Shiv, J. L. Sgrensen E. S. Polzik and G. Mizell, Inhibited light-induces absorption in KNbO3,
Opt. Lett. 20, 2270 (1995).

2. J. L. Sgrensen, J. Hald, N. Jorgensen, J. Erland and E. S. Polzik, Squeezing with x® for
atomic physics and spectroscopy, Quantum Semiclass. Opt. 9, 239 (1997).

3. P. Lodahl, J. L. Sgrensen and E. S. Polzik, High efficiency second harmonic generation with
a low power diode laser, Appl. Phys. B 64, 383 (1997).

4. J. L. Sgrensen, J. Hald and E. S. Polzik, Fundamental noise of an atomic spin measurement,
Journ. Mod. Opt. 44, 1917 (1997).

5. J. L. Sgrensen, J. Hald and E. S. Polzik, Spectroscopy on a modulated magneto-optical trap,
Opt. Lett. 23, 25 (1998).

6. J. Hald, J. L. Sgrensen, L. Leich and E. S. Polzik, Quantum noise of cold atomic spins illumi-
nated with non-classical light, Optics Express 2, 93 (1998). Found on WWW at
hitp://epubs.osa.org/oearchive/source/3024. htm.

7. J. L. Sgrensen, J. Hald and E. S. Polzik, Quantum noise of an atomic spin polarization
measurement, Phys. Rev. Lett. 80, 3487 (1998).

8. J. L. Sgrensen and E. S. Polzik, Internally pumped subthreshold OPO, Appl. Phys. B 66, 711
(1998).

9. E. S. Polzik, J. L. Sgrensen and J. Hald, Subthreshold tunable OPO: a source of nonclassical
light for atomic physics experiments, Appl. Phys. B 66, 759 (1998).

10. A. Furasawa, J. L. Sgrensen, S. L. Braunstein, C. A. Fuchs, H. J. Kimble and E. S. Polzik,
Unconditional quantum teleportation, Submitted to Science, July 1998.

In addition to these publications the work has been presented at the following conferences and summer
schools

Enrico Fermi School of Physics CXXXI Coherent and Collective Interactions of Particles and Ra-
diation Beams. July 1995, Varenna, Italy. Organizers: A. Aspect, W. Barletta and R. Bonifacio.

L’Ecole de Physique des Houches x(?) Second Order Nonlinear Optics: From Fundamentals to
Applications. April 1996, Les Houches, France. Organizers: C. Fabre and J. P. Pocholle.

Annual Meeting of the Danish Physical Society. May 1996, Nyborg, Denmark.

European Science Foundation annual conference on Quantum Optics. September 1996, Castelveccio
Pascoli, Italy. Organizers: K. Burnett and L. Lugiato.

Fundamentals of Quantum Optics IV. February 1997, Kuhtai, Austria. Organizer: F. Ehlotzky.
Annual Meeting of the Danish Physical Society. May 1997, Nyborg, Denmark.

New Frontiers in Laser-Atom Interactions June 1997, Sandbjerg Manor, Denmark. Organizer: N.
O. Andersen.

Annual Meeting of the Optical Society of America. October 1997, Long Beach, USA.
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1.3 This Thesis

The work presented in this thesis has been devoted to the production and use of nonclassical states of
light for improving the performance of normally classical behaving optical systems. Here we have chosen
to focus on improved sensitivity in spectroscopy and the teleportation with high efficiency of states of
the radiation field. However nonclassical light may prove useful in many other aspects of physics such as
optical communication, cryptography and the altering of fundamental atomic radiation processes, which
together with quantum non-demolition measurements probably are of more academic interest. For a
general introduction to the field of Quantum Optics and the role of nonclassical states of light in this
field, the reader is referred to ref. [1].

The thesis has been divided into four major topics: The generation of frequency tunable squeezed light
covering chapters 2-4, spectroscopy and spin noise in a magneto optical trap in chapters 5-7, quantum
teleportation in chapter 8 and the theory of the Internally Pumped OPO in chapter 9. The thesis is
intended to be written so that each chapter to a great extent can be read independent of the others,
however to obtain a coherent picture it is recommended to read the chapters in a consecutive way.

Chapter 2 is intended to give a general introduction to the OPO with emphasis on the generation
of squeezed vacuum in this device. In addition to this the squeezing work presented in the following
chapters will be fit into a greater picture, where experiments involving the use of nonclassical light are
reviewed.

It turned out that a limitation on the quantum noise reduction achieved in the subthreshold OPO, used
in this work, was the nonlinear loss associated with Blue Light Induced InfraRed Absorption (BLIIRA)
in the OPO KNbOg crystal. Chapter 3 is devoted to an investigation of the BLIIRA and the most
important result in this chapter is that the BLIIRA is reduced as the crystal temperature is increased.
As a result the OPO escape efficiency, being the governing factor of the degree of squeezing in this work,
is increased. From the theoretical side a qualitative model accounting for the behavior of BLIIRA is put
forward. The work from chapter 3 has been published in (1.).

Based on the BLITRA results chapter 4 describes our frequency tunable squeezed light source. This is
centered around a subthreshold OPO pumped with the second harmonic of a Ti:Sapphire laser operating
at 917 nm. The performance of our external cavity frequency doubler is described and the OPO is
characterized. Quantum noise reduction in the OPO output of as much as -5 dB is demonstrated. This
considerable amount of squeezing was within reach because our nonclassical light source was operating
around 917 nm, where the phasematching temperature in KNbO3 is around 130°C and consequently
BLITRA was reduced by a factor of 2-3. The publication (2.) is based upon the work in chapter 4.

In chapter 5 it is demonstrated how the squeezed vacuum output of the OPO can be used to produce a
polarization squeezed beam. This beam is used to probe a polarization interferometer providing sub-shot
noise sensitivity. In this experiment a quantum noise reduction of -3 dB is achieved. The polarization
interferometer is used to probe the anisotropy of an ensemble of cold, trapped Cs atoms. With a probe
in a coherent state, shot noise limited sensitivity is demonstrated, and with a nonclassical probe the
limiting noise is reduced by -2.3 dB. The target of the polarization interferometer is a Caesium Magneto
Optical Trap (MOT), which is characterized in chapter 5 as well. Parts of the results from this chapter
can be found in the publications (2.), (4.), (6.), (7.) and (9.).

The atomic signal obtained in the polarization interferometer turned out to be rather complicated
and a more thorough investigation of this signal together with the modulated absorption signal is the
basis of chapter 6. The spectroscopic signals in the MOT were generated by modulating the trapping
laser frequency and transferring this modulation to the probe via the atoms. The trapping laser was
a semiconductor laser and consequently full of phase noise. In chapter 6 we also demonstrate MOT
spectroscopy using this phase noise to generate the atomic signal. The lineshapes are modelled by a
simple three level theory serving to provide a qualitatively understanding of the atomic signals. These
results are published in (5.).

When the atoms were trapped with an almost ideal laser and the optical depth in the MOT was
appreciable, the intrinsic atomic spin noise was seen to contribute significantly to the polarization in-
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terferometer signal. In chapter 7 the results of our spin noise measurements in a MOT are presented.
Although the experiments described in chapters 6 and 7 are not directly involving nonclassical light, they
can be considered to be the initial stage of our attempts of mapping the nonclassical correlation of the
OPO output onto the ensemble of trapped atoms. The result of this mapping would be a squeezed spin
state in which the fluctuations are reduced in one component of the collective atomic angular momen-
tum. The results of chapter 7 reveal the atomic quantum noise and show the distinction between this
and technical atomic noise. A simplified model, accounting for the atomic noise, is put forward and the
relevant atomic and optical parameters are pointed out. The publications (4.), (6.) and (7.) cover the
work presented in chapter 7. This chapter concludes the line of work done by the author with the goal
of studying the interaction between nonclassical light and atoms.

The outcome of a joint project between the Quantum Optics Group at California Institute of Tech-
nology and the Quantum Optics Group in Aarhus is presented in chapter 8. This project was devoted to
demonstrate quantum teleportation of continuous variables. Using two subthreshold OPQO’s and mixing
the squeezed vacuum outputs with an appropriate phase, two entangled fields were created in an EPR like
state. This nonlocal state was used to teleport the continuous quadrature phases of an optical field over
roughly % meter. A measure of the quality of the teleportation protocol, called the fidelity, is defined.
It is shown that the use of only classical states of light will limit the fidelity to be smaller 0.50. The
teleportation experiment yielded a fidelity of 0.58, proving that the input quantum state was teleported
more efficient than it is possible with classical means. The results of chapter 8 will hopefully soon be
published in (10.).

As a theoretical project the author has analyzed the system of a doubling cavity in which the second
harmonic is nondegenerately downconverted into subharmonics in the adjacent longitudinal cavity modes.
This system is denoted The Internally Pumped OPO (IOPO) since the OPO pump is generated inside
the OPO nonlinear medium. The results of this analysis can be found in chapter 9. The general
approach allows the second harmonic to be resonated in the cavity with an arbitrary detuning and with
(almost) arbitrary losses. Due to the analytic procedure used, the second harmonic losses must always be
somewhat larger than the fundamental losses. The threshold for parametric oscillations is derived and the
squeezing spectra for the fundamental and the subharmonics are derived below the threshold. Arbitrary
strong squeezing is predicted in the subharmonics and an experiment, in which the fundamental field
reflected off the IOPO cavity acts as a local oscillator for the subharmonics, is simulated. This shows
that perfect squeezing can be found in the cavity reflection at frequencies being an integer times the free
spectrum range of the IOPO cavity. This work has been published in (8.).

Finally the thesis is concluded in chapter 10 with a resumé containing the most important results.
This is followed by an outlook on the future prospects of the various projects in which the author has
been involved.
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Figure 1.1: The Experimental Quantum Optics Group in Aarhus in the spring of 1998. From the left:
Jens Peter Christensen, Lasse Leick, Christian Schori, Mikkel Andersen, Jens Lykke Sgrensen, Jacob
Andersen, Jan Hald and Eugene Polzik.



Chapter 2

Squeezing in the Optical Parametric
Oscillator

Since a lot of the work and many of the results presented in this thesis utilize the theory of the Optical
Parametric Oscillator (OPO), we will start by considering this device in some detail and derive some
useful formulas in this context. This will also serve to establish a notation, which will be used throughout
the thesis. The chapter starts with some general remarks about the OPO followed by a review of
experiments performed so far, in which nonclassical light from OPQO’s has been used for atomic physics
and spectroscopy. After this introduction we will go into more detail with the quantum theory of the
OPO and derive the spectrum of quantum fluctuations of the OPO output. This will enable us to identify
the conditions under which the quantum noise reduction in the OPO output is optimized.

2.1 Introduction

By an Optical Parametric Oscillator is understood an optical resonator made up of spherical reflectors
with a nonlinear y? medium placed between them. The nonlinear medium can be pumped by a
resonant or nonresonant field with a frequency 2w, and by means of the nonlinear interaction any signal
field injected into the resonator at a frequency w_ will together with the pump generate an idler field
at the frequency w,. In the rest of this chapter the pump is assumed not to be resonant in the OPO
cavity. In order to preserve energy the frequencies must fulfill the relation w4 + w_ = 2w. This process
is known as Difference Frequency Generation. If however the frequency of the external input is exactly
half the pump frequency, meaning that the signal and idler fields are indistinguishable, the OPO will
act as a phase sensitive amplifier. This should be understood in the sense that if the pump has the time
dependence cos 2wt, the component of the injected fields with the dependence coswt will be amplified
whereas the component with the dependence sinwt will be deamplified in the OPO. Since it is not
possible to compare phases between fields oscillating at different frequencies, the above arguments are
only true within a common phaseshift. When the signal and idler frequencies are different or the fields
have different polarizations, the OPO is said to be operated nondegenerate as opposed to the degenerate
OPO in which the signal and idler fields are indistinguishable. The mode of operation of the OPO
is determined by the phasematching conditions in the nonlinear medium. In the OPO’s described in
this thesis only noncritical phasematching is used, and in this case switching between degenerate and
nondegenerate operation can be done by changing the temperature of the nonlinear medium. For a more
elaborate treatment of the classical properties of the OPO, the reader is referred to Appendix A.

If the pump field reaches a certain critical value, a phase transition occurs, and the OPO will acquire
a coherent output even without any input. This operating point is known as the threshold of the
OPO. Above threshold operation results in two coherent output fields at frequencies w; and w_. The

10
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frequency splitting between these fields can become very large depending on the phasematching conditions
and the resonance properties of the OPO[2]. This makes the OPO above threshold very attractive
for atomic and molecular spectroscopy since signal and idler can cover a wavelength range of several
hundreds of nanometers stretching into regions otherwise inaccessible to more conventional laser sources.
Unfortunately the OPO is very unstable above threshold, and single frequency operation of such a device
is a nontrivial task. In the rest of this thesis only the subthreshold OPO will be considered.

From a quantum mechanical point of view the OPO is interesting as well. Just as the OPO below
threshold acts as a phase sensitive amplifier for a coherent input, it is also amplifying or deamplifying
the input vacuum fluctuations always being present. Quantum Electrodynamics tells us that the ground
state of the electromagnetic field possess a certain amount of energy stored in the vacuum fluctuations[3].
These field fluctuations do not have a well defined phase, but it is always possible to divide them into
two independent components oscillating like coswt and sinwt. In Quantum Optics these components are
called the Quadrature Phases[4]. When the vacuum fluctuations enter the subthreshold OPO, the coswt
component will be amplified and the sin wt component deamplified. As a result the OPO can create a so
called Squeezed Vacuum state[5] in which quantum fluctuations in one quadrature can be reduced at the
expense of increased fluctuations in the complementary quadrature.

In many optical experiments only one of the quadrature phases are detected and in these experiments
appropriately phased squeezed states can be utilized to achieve sensitivity beyond the standard quantum
limit. In atomic physics experiments squeezed light was first employed in 1992, where a squeezed probe
generated by a subthreshold OPO state was used in FM saturation spectroscopy to improve the probe shot
noise limited signal to noise ratio with 3 dB[6][7]. This experiment was followed up by a demonstration
of nonclassical two photon excitation, where the quantum correlated photon pairs in the OPO output
excited a double optical resonance([8]. Here a deviation from the usual I? dependence of the two photon
excitation rate was observed. I is the intensity of the field driving the two photon transition. This
deviation was attributed to the quantum correlated nature of the OPO output, which ideally should
cause a linear dependence on [ in the weak intensity limit. This series of experiments was concluded by
a demonstration of the applicability of atoms as nonlinear frequency mixers for ultrahigh frequencies. By
driving an atomic three level ladder transition with the subthreshold OPO output as well as a coherent
field, quantum correlations present at 25 THz were demodulated to yield the DC interference signal[9)].

The work presented in this thesis on sub-shot noise spectroscopy utilize the subthreshold OPO as
well. However we employed the squeezed vacuum output to generate polarization squeezed light, which,
used in our polarization interferometer, reduced the noise floor with 3 dB[10]. When probing the spin
state of atoms with the polarization interferometer, we demonstrated a quantum noise reduction of 2.5
dB[11]. The details of this experiment can be found in chapter 5.

The orthogonally polarized twin beams coming from the type IT phasematched OPO has also proven
useful for sub-shot noise spectroscopy as demonstrated in ref. [12]. A triply resonant semi monolithic
OPO, pumped with the second harmonic of a Nd:YAG laser, generated two correlated beams of which
one was driving the 45} 2 — 5512 two photon transition in potassium together with a diode laser. The
second beam was detected independently and the photocurrents were subtracted to yield a sub-shot noise
signal in the absence of atomic absorption. This procedure resulted in a reduction of the noise floor of
the measurement of 1.9 dB relative to the coherent state level and a sensitivity to absorption at the level
of 1077,

A worthy competitor to the OPO in terms of producing sub-shot noise signals is the amplitude
squeezed diode laser. By injection locking these lasers and/or filtering the drive current, the longitudinal
sidemodes can be suppressed dramatically, resulting in an amplitude squeezed central mode well suited
for spectroscopy purposes[13]. Using this approach 1.9 dB of amplitude noise reduction below the shot
noise level has been demonstrated and the light source was used for exciton spectroscopy with a reduction
of the noise floor of 1 dB relative to the coherent state limit[14]. The same technique has been used for
highly sensitive atomic spectroscopy with a lowering of the noise floor close to 1 dB[15] and a sensitivity
around a few parts in 10%[16]. A more pratical application of amplitude squeezed diode lasers is the
gas flow velocimetry demonstrated in ref. [17]. Here a 2 dB noise reduction in the probe was observed,
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yielding an increase in signal to noise of 1 dB in the Doppler Anemometry.
In order to familiarize ourselves with the quantum features of the subthreshold OPO, we will now
derive the squeezing spectrum of the output of this device.

2.2 Quantum theory of the OPO

From a quantum mechanically point of view, the degenerate OPO is described by the Hamiltonian
H = hwa'a + K¢ (a2a§ + azaTQ) + Hpecay (2.1)

Here ay is the pump field, which is assumed to be strong, and can therefore be described by the ¢
number expectation value of its field operator. ( is the nonlinear coupling constant closely related to the
& defined Appendix A and finally the coupling of the downconverted quantum field a to the reservoir of
electromagnetic field modes outside the OPO cavity is described through the Hamiltonian H pecay-

The approach that will be used here is what is usually called the Semiclassical Method[18]. Here
we derive the Heisenberg equations of motion and solve these for the expectation values of the field
operators. This gives us the steady state operating point for the OPO around which we can linearize the
fluctuations of the quantum fields. Due to the linearization procedure we do not expect our treatment to
be valid in the regions of the parameter space where the quantum fluctuations become very large. Here
higher order corrections come into play and more rigorous treatments are needed[19][20][21].

From (2.1) we derive the equation of motion for the field a

d . )
d_Ltl = —iwa — 2iCasal — ya 4+ V2ka™ + /2 (v — K)b" (2.2)

where the 'in’ fields are assumed to be in the vacuum state.
We now define the quadrature phase operator for the slowly varying envelope of a to be

X(0) = ae HWtH0) 4 gt gi(wt+) (2.3)
and note that the commutator between two quadrature operators is
[X(0), X(6")] = 2isin(' — 0) (2.4)

since the downconverted field a must obey standard Boson commutation relations [a,a’] = 1. In contrast
to the annihilation operator a the quadrature operators are Hermitian and consequently observables. In
fact it turns out that the quadrature X (6) is what a homodyne detector with local oscillator phase 6
relative to a detects[22]. Having the commutator at hand we can write up a Heisenberg uncertainty
relation for the quadratures

(6X(0)%) (6X(0)?) > sin®(¢ — 0) (2.5)

From this it is now clear that the quadratures X (0) and X (0 4+ 7/2) are complementary, meaning
that we can never know the exact expectation value of both simultaneously. As a result of (2.5), a
measurement of both X (#) and X (6 + 7/2) has to be accompanied by a certain amount of noise, which
is what we mean by the quantum noise of light. The vacuum state and the coherent state are minimum
uncertainty states, meaning that the equality sign in (2.5) applies for these states, and moreover the
quantum noise is distributed equally between the two complementary quadratures. Furthermore we see
that the quadratures X () and X (0 &+ 7) are equivalent in terms of the quantum noise. This is because
the fluctuations associated with the quantum noise are defined with respect to an axis in phase space
along which the variance of these fluctuations has a certain value.
Inserting (2.3) in (2.2) we find the equation of motion for the quadrature phases.

dX(0)

= 2002X (=0 — 7/2) —7X(60) + V2EXT(0) + /2 (v — k)Y "(0) (2.6)
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where X(0) is the quadrature of the incoming field @' and Y (#) is the same for the b field. These
are still assumed to be vacuum fields. We have chosen the pump field a5 to be real, so that its phase
will set the overall phase of this problem. If we now take the expectation value of (2.6) and look for
nontrivial steady state solutions, we obtain the threshold condition

@)= (%) 2.7

where we have used that the expectation value of the 'in’ fields is zero.
Restricting ourselves to analyze the fluctuations of the OPO below threshold, we define the fluctuating
part of the field operator as
q(0) = X(0) — (X(0)) (2.8)

Furthermore we define the OPO pump parameter o as 0 = ay/a?. Using (2.7) and (2.8) in (2.6) we
find the equations of motion for the fluctuations of the quadrature phases

dz_@ = —7[q(0) — oq(—0 — /2)] + V2rq"™(0) + /2 (v — k)P (0 (2.9)

The vacuum fluctuation quadratures ¢** and p"” have been defined analogous to ¢ by substituting X with
X and Y respectively. From (2.9) it is seen that the eigenvectors of our linear system of equations
are directed along 6 = +7/4, and by using that ¢(6 + 7) = —q(6), we can readily write up the noise
equations in this basis

<d;/4> = =7 (1= o) q(=/4) + VERg" (~7/4) + /21— )p" (~7/4) (2.10)
L= (14 0) q(7/4) + V2rg™ (7 /4) + /2 (v — w)p™ (7 /4)

With the goal of finding the spectrum of fluctuations, (2.10) is now Fourier transformed, and the
fields going out from the OPO are found by using the beamsplitter relation on the output coupler

¢ (0) = V2rg(0) — ¢"(6) (2.11)

where high reflectivity of the output coupler has been assumed. As a result we find

0" (~m/4,Q) = (s — 1) ¢ (=m/4) + 2¢/u(T = ™ (~7/4)
0 (m/4,9) = (e — 1) @ (/40 + 2/n(T = mp (n/4)

Here 7 is the OPO escape efficiency defined as n = /vy ~ 7 /(7 + L), where T is the output coupler
transmission and £ are the remaining intracavity losses. The last equality applies for 7 + £ < 1. The
frequency 2 has been normalized to the OPO cavity bandwidth . It should be noted here that the field
operators after the Fourier transformation are defined in the frequency space ¢ = ¢(Q2) in contrast to
before the transformation, where the fields were time dependent g = q(t). To keep the notation simple,
we use the same symbols for the field operators before and after the Fourier transformation, and just
keep in mind the space in which they are defined.

In order to obtain the spectra of fluctuations we now utilize that orthogonal in’ fields are uncorrelated
and that the fields ¢’ and p'™ are uncorrelated since they are different modes of the vacuum field.

(2.12)

<qi"(:t7r/4, —Q)pin(ﬂ:ﬂ'/él, Q)> = <10i"(:|:7r/47 —Q)qm(:lzw/él, Q)> =0 (2.13)

Furthermore we utilize that the spectrum of vacuum fluctuations is white, meaning that we can normalize
these in the bandwidth of interest, B, to yield a vacuum noise level of 1

B (g™ (£ /4, —Q)g" (£7/4,9)) = B (p"(£m/4, —Q)p" (£7/4,Q)) = 1 (2.14)
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This leads us to the spectra of fluctuations for the outgoing field quadratures of the OPO
4o

<q0ut(_ﬂ,/4)2> =1+ nm (215)
() =1~ e (2.16)

The ’1’ in front of each of the variances above corresponds the vacuum noise level. It is now clear that
the quantum fluctuations in the output of the OPO can be reduced below the vacuum noise level in the
0 = w/4 quadrature if n and o both are nonzero. In fact the fluctuations go to zero corresponding to
perfect squeezing when n = ¢ = 1, these parameters are relevant for an OPO with no internal losses
being exactly on threshold. Of course our linearized theory is not valid too close to threshold since the
fluctuations in the § = —m/4 quadrature become very large close to threshold, which is leaving us no
justification of the linearization procedure. In figure 2.1(A) the spectrum of squeezing for n = o =1 is
shown. From (2.16) it is seen that this is an inverted Lorentzian with a HWHM of (1 + o), meaning
that the bandwidth of squeezing close to threshold is about twice the empty cavity linewidth. The best
squeezing is found around © = 0, and in figure 2.1(B), we find the zero frequency squeezing versus the
OPO pump parameter o for n = 1. Here we see that even for ¢ = 0.5 the quantum noise reduction is
close to 90%. This illustrates that it is by no means necessary to bring the OPO very close to threshold
in order to observe appreciable quantum noise reduction.

It should be noted here that the phase of the quadrature in which the squeezing is obtained depends
on the choice of phase of the coupling constant in the Hamiltonian. If we instead had started out with an
interaction Hamiltonian of the form ¢A¢ (a2a§ — OéQCLTZ), corresponding to a purely imaginary coupling
constant, we would have found squeezing in the quadrature X (7/2) and antisqueezing in X (0). All
choices of the coupling constant phase are equally valid since the overall phase of the system, defined
by the pump phase, can be chosen arbitrarily. The particular choice we made in (2.1) was used because
this yields the same equation of motion as the one we derived for the field amplitudes in the classical
treatment (A.21).

The physics behind the quantum noise reduction is that the pump photons are downconverted into
pairs of low frequency photons. The fields made up by these pairs are always created in such a way that
the sum of their phases adds up to a constant depending on the phase of the pump field. Let the phase
of this constant, given by 6 = (62 + ¢ — 7/2)/2, define the real axis in a phasor diagram. Here 5 is the
phase of the pump and ¢ is the phase of the coupling constant. In this frame the sum of the imaginary
parts of the two downconverted fields (if they are distinguishable) and the difference between the real
parts both will fluctuate very little since the spontaneously emitted photon pairs below threshold always
are created with their relative phase locked to the pump phase. Conversely the difference between the
imaginary parts and the sum of the real parts will fluctuate a lot. When the two downconverted fields are
indistinguishable the difference between the real parts and the imaginary parts is identical to zero and
hence we find the imaginary part (0 = —w/4 + /2 = w/4 when 0 = ¢ = 0) of the downconverted field
to be squeezed and the real part (§ = —7/4) to be antisqueezed. The distribution of vacuum fluctuations
in the squeezed OPO output is indicated as the shaded ellipse in the insert of fig. 2.1. If the photons
in the pairs were created in an uncorrelated fashion, the resulting vacuum fluctuations would lie mainly
inside the circle shown in the insert. Alternatively we can consider the degenerate OPO to be a phase
sensitive amplifier for the vacuum input. The OPO amplifies the fluctuations in 0 = (62 + ¢ — 7/2)/2
component of the vacuum and deamplifies the 0 = (03 + ¢ + 7/2)/2 component.

The role of the escape efficiency n ~ T /(7 + L) in (2.16) is obviously to reduce the degree of
squeezing in the OPO output. Intuitively this can be understood from the following argument. The
quantum noise reduction in the OPO output arises from the fact that the high frequency pump photons
are downconverted into photon pairs at the lower frequency. As we have seen, the fields made up of
the downconverted photons (which are in the same mode for the degenerate OPO) must obey a certain
phase relation. If however both photons do not exit through the same output port of the OPO, the
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Figure 2.1: (A) The power spectrum of fluctuations in the squeezed quadrature of the OPO output for
n = o = 1. Best noise reduction is found at zero frequency. (B) The zero frequency fluctuations versus
the OPO pump parameter ¢ = \/P/P;,. The insert shows the phasor diagram of the downconverted
photons always created with a total phase adding up to a constant. As a result the fluctuations of the
emitted squeezed vacuum can be considered to be mainly inside the shaded ellipse.

correlations hidden in our phase relation are lost, and the squeezing will reduce. The probability that a
photon escapes the OPO through the output coupler is 7 /(7 + L), which is just our escape efficiency 7.

What we have learned from this treatment is that in order to achieve good squeezing from the OPO
it is required that the intracavity losses, £, are minimized in order to maximize the escape efficiency.
The nonlinear x(® material used throughout this Ph. D. work is Potassium Niobate. This medium has
the unattractive feature that it displays nonlinear absorption, which naturally can be fatal to the OPO
correlations. For this reason my Ph. D. project started with an investigation of this effect, and the next
chapter is devoted to a description of this work.



Chapter 3

Blue Light Induced Infrared
Absorption

It was shown in the previous chapter, that significant intracavity losses except for the transmission
through the output coupler of the OPO cavity are fatal if good squeezing is to be achieved. The
nonlinear medium preferred in the work presented throughout this thesis is Potassium Niobate, KNbO3.
This is an attractive material for nonlinear conversion in the near infrared region due to its small passive
losses and high second order nonlinearity[23]. However, the applicability of this material for squeezing
purposes is seriously limited by the effect called Blue Light Induced InfraRed Absorption, or BLIIRA in
short[24].

This chapter is started with some general considerations of the impact of BLIIRA on the OPO
squeezing. This is followed by a description of the setup used to measure BLIIRA and a discussion
of means to measure intracavity losses. Then the results of our measurements will be presented and
interpreted and a qualitative explanation of the mechanisms responsible for BLIIRA is given. The
chapter is ended with the conclusions on the BLITRA experiment.

3.1 The influence of BLIIRA on the OPO squeezing

The BLITRA manifests itself by increasing the absorption of the KNbOj3 crystal in the near infrared
region when visible or ultraviolet light is present in the same volume of the crystal as the infrared light
occupies. This effect was first observed in KNbOs in 1992 by Polzik et. al. [7], where the second
harmonic pump was found to induce additional losses in an OPQO, and thereby limiting the degree of
quantum noise reduction obtained. However, this effect was not unknown at the time, in fact a similar
type of behavior has been observed in BaTiO3 as early as 1987[25].

To illustrate that BLIIRA can become a serious obstacle on the avenue towards good squeezing, let
us consider an OPO with an output coupler transmission of 10% and residual passive losses of the cavity
of 0.3%. Without any BLIIRA these values will give us an escape efficiency of n = 97%, corresponding
to a degree of squeezing (in the absence of other loss sources) of -15 dB. If we now consider a realistic
value of the BLIIRA of 2%]26], we find that the escape efficiency drops to 81%, corresponding to -7.3
dB of noise reduction at best.

It is now natural to ask the question: Why don’t we just increase the output coupler transmission
of the OPO in order to reduce the significance of the residual losses? To answer this, let us consider
the escape efficiency from the previous chapter. Keeping in mind that the losses now depend on the
pump power of the OPO, we find n = 7 /(T + Lo + L(P)) = 1 — (Lo+L(P))/(T + Lo + L(P)). Here
7 is the output coupler transmission, £, are the passive losses of the OPO cavity and L(P) is the
BLIIRA. The pump power of the OPO is given by P = 02 Py;,, where o is the pump parameter appearing

16
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in the spectrum of squeezing (2.16), and P, is the power required to drive the OPO in threshold. In
Appendix A this is found to be Py, = (7 + Lo+ L(P))?/AEN [, where Ey, is the single pass nonlinearity.
Combining our definitions we now find the escape efficiency to be given by

o [Lo+L(P)]
2VPENL

From (3.1) it is clear that, provided we have unlimited pump power available, we only gain in squeezing
by increasing the output coupler transmission as long as the BLIIRA, £(P), does not grow faster than
V/P. As it will be shown later in this chapter, the BLIIRA can under certain conditions grow at rates
comparable to v/P. This necessitates the investigation of other means to circumvent this problem, by for
instance doping the KNbO3 with certain elements or changing the operational parameters of the crystal
such as the temperature, angle etc.

n=1 (3.1)

3.2 Experimental setup

In order to make the measurements of BLIIRA mimic any experimental situation of second harmonic
generation or parametric downconversion as close as possible, we wanted to measure this effect for a
broad spectrum of input powers as well as for a broad spectrum of wavelengths. As a result we had to
be able to observe changes in absorption of a KNbOj3 crystal spanning from 0.1% to several percent.
Towards this end a high finesse nonlinear resonator with a KNbOj3 crystal inside was constructed. This

| Argon ion Iasev} \ Ti:Sapphire
\\ D —980nm

D5
................................................ 488/514nm

A/

(

] /
O
KNbO, \§ gst

Figure 3.1: The experimental configuration used to measure BLIIRA. Full lines illustrate infrared beams,
and dotted lines are second harmonic beams.
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cavity was resonant to the fundamental light in the near infrared region at wavelengths around 980nm.
We chose to examine BLITRA at wavelengths longer than in ref. [24] in the hope of finding a reduction of
the effect here for reasons which will be explained later in this chapter. Having typically a transmission
of the input coupler of 0.1% (depending on the exact wavelength) and a finesse around 400 in the absence
of BLITRA, this cavity was by no means optimized for good nonlinear conversion. However the small
intracavity losses were required in order to be sensitive to the small contribution from BLIIRA in the
low pump power region.

The infrared light was provided by a single frequency Titanium:Sapphire laser, which gave about
100-200 mW for pumping the cavity. Since we wanted good control on the amount of second harmonic
light present in the crystal, this light was generated externally by a single frequency Argon ion laser. This
laser had two lines powerful enough to pump the Ti:Sapphire laser as well as the nonlinear resonator.
These lines are located at 488 nm and 514 nm, which both are close to the second harmonic wavelength
around 490nm. Both lines were used in this experiment and henceforth they will simply be denoted
the ’second harmonic field’. It should be noted here, that this way of providing the (almost) second
harmonic precluded measurements of any coherent contributions to the BLIIRA. However most theories
on BLITRA make use of a charge transport model[24][27][28], meaning that the process is likely to be
mainly of incoherent nature. Some coherent contribution to the BLIIRA cannot be ruled out, but due
to our experimental procedure, where we operated far from phasematching, such contributions were not
likely to be recorded.

The cavity was designed to have a waist of 18 pm, which is close to the optimum focusing for nonlinear
conversion, according to the calculations in Appendix A. Here we find the optimum focussing to give
Ao = ler /20 = Lep N /Tnwd = 5.675. For an index of refraction of n = 2.3, a wavelength of A\ = 980nm
and a crystal length of £.. = 10 mm, this corresponds to a cavity waist of wy = 15.5 pm. In order
to provide an almost perfect modematching of the second harmonic to the infrared cavity mode, the
second harmonic was produced inside the cavity, and, as illustrated in figure 3.1, this spatial mode was
modematched into a designated reference cavity. Injecting the Argon laser output into this cavity in the
counterpropagating direction, and optimizing the modematching, ensured good spatial modematching
with the cavity mode.

There are several techniques to use when the losses of a resonator are to be inferred and knowing the
mirror transmissions is important for most of these. Scanning the cavity across several free spectrum
ranges, one can measure the finesse of the resonator, which in turn can provide information about the
intracavity losses. Another method is measuring the power transmitted through a mirror different from
the input coupler as the cavity is scanned across resonance. Due to energy conservation a dip must
appear in the power reflected off the cavity as it is swept though resonance, since the transmission is
increased around this point. To infer the losses from these three features, let us consider a cavity with
the input coupler reflectivity 71, crystal transmission k and reflectivity of another mirror of ro. All
other cavity components are assumed to be lossless. This is shown in figure 3.2. We now calculate
the intracavity field in two places inside the cavity: FE.; is the field just before the input coupler and
E.s is just before the second transmitting cavity mirror. Assuming a good cavity, we can consider
the field to have the same phase, 6, at any point inside the resonator. Normalizing to the input field
E; we can now easily find the intracavity fields to be E.i/E; = /1 —rrake®® /(1 — riroke’®) and

Ee/E; = \/1—17ke®® /(1 — rirake®®). The field reflected off the cavity at the input coupler, E,., will
now be given by E,./E; = —r1 + /1 —r?FE./E;, and the field transmitted through the cavity, E;, will
be given by E;/E; = \/1 —r3E.2/F;. By taking the square modulus of these two expressions, we find

the normalized reflected and transmitted powers respectively. These are given by

24 (rek)®—2rirgkcos §
T 1+(rim2k)2—2rirokcos§
_ _ (=r)a—rdk? (32)
T 14+(rir2k)?—2rir2k cos &

e 5l

Focusing first on the reflected power, we define p as the ratio of the power reflected off the cavity on
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resonance (6 = 0) to the reflected power off resonance (6§ = 7). This is given by

2 _ TtL\ 2
b= <(r1 —rak)(1 +wzk>> ~ (1_T> (3.3)

(r1 + rek)(1 — rirak) 1+ —E;I'E

where the last equality was obtained by defining 1 = 1 —71, 12 = V1 —75 and k = /1 — L, and
expanding these quantities to first order in the transmissions and losses. Now it is clear that provided
we know the input coupler transmission 77, we can find the remaining losses of the cavity by observing
the reflection dip. If the input coupler transmission is the dominating loss, these will be given by

1—/p
T+ L="T 3.4
2+ 11+\/ﬁ (3.4)

otherwise the fraction has to be inverted. On resonance (6 = 0) the cavity transmission is found to be

Lo AT (3.5)
P, (T, + T+ L)

where the same expansion of r1, ro and k as above has been performed. To visualize the last method
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Figure 3.2: (A) The cavity under consideration. The passive losses can be inferred from the reflected or
the transmitted power. (B) The reflected power (upper trace) and the transmitted power (lower trace),
in units of the input power, vs. the roundtrip phase shift, 6. The phase shift of 27 corresponds to one
Free Spectrum Range (FSR) of the cavity. The traces correspond to r; = 0.9, ro = 0.99 and k = 1.
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of measuring the finesse, F, of the resonator, we consider small phaseshifts, §, and expand the cosine in
the denominator of the cavity transmission. This results in the Lorentzian

P, (1—r3)(1 —rd)k?

_ 3.6
Pi (1 —7“17‘2]{)2 +T1T2]€(52 ( )
which has the half width at half maximum
1-— 7’17’2]€
§ - 3.7

If we now remember that the finesse, F, is defined as the free spectrum range (6psg = 27) divided by
the full width at half maximum[29], and we perform our expansion of r1, ro and k as above, we obtain

to first order in the losses
(SFSR ~ 27T

20swanm TT+T+L

The finesse measurement has the advantage that it is independent of any additional measurements. It
is therefore always a good idea to compare the losses obtained from one of the first two methods with a
finesse measurement.

From a practical viewpoint these methods all have their drawbacks. It is usually not easy to measure
the finesse with a precision better than 10% due to acoustic vibrations in the setup. The reflection
dip method relies on a good determination of the power reflected off the cavity off resonance, however
fluctuations in the input power complicates this measurement substantially. Finally the transmitted
power will possess the same fluctuations as the input power to the cavity, and will therefore fluctuate
correspondingly. This was the main source of uncertainty in this experiment, since the Ti:Sapphire power
fluctuated about 10% at a timescale of about 100 ms.

For these reasons the following strategy was used in the experiment. The input coupler transmission
was measured as accurately as possible. This was found to be 0.1-0.2% depending on the exact wavelength
used. The uncertainty in this measurement was about 10% this was attributed mainly to the power
fluctuations of the Ti:Sapphire output. Then the losses of the passive cavity were measured. These
included the KNbOj3 crystal losses in the absence of any second harmonic in the cavity. The cavity passive
losses were measured with D2 (fig. 3.1) using the reflection dip method and crosschecked using the less
accurate finesse. Typically these losses were at the level of 0.9-1.5% depending on the crystal quality. The
cavity transmission turned out to be the easiest and consequently fastest method of obtaining the losses.
Hence this method was used for the final measurements of BLITRA. Without any second harmonic light
in the cavity, the transmission was measured about 5-10 times on D1, and for each measurement the
result was normalized to the input power measured on D3. Now the second harmonic was unblocked, and
due to BLIIRA the cavity transmission dropped. From (3.5) we found the amount of BLIIRA, £(Psg),
to be

F= (3.8)

L(Psg) = (Th + T2 + Lo) (3.9)

where Pgp is the incoming second harmonic power, Ly are the cavity passive losses and P; is the power
transmitted through the cavity. We also recorded the cavity transmission without the normalization from
D3, and the result with the smallest statistical fluctuations was chosen. This result was not necessarily the
normalized transmission. Because the power fluctuations of the Ti:Sapphire had frequency components
around the inverse data acquisition time, the normalization procedure could in some cases increase the
error of the measurement. Typically the statistical fluctuations of the measurements were on the order
of 10%, even when BLITRA was only about 0.2%.

This measurement procedure was repeated with second harmonic powers ranging from about 500pW
up to 400mW for 7 different KNbO3 crystals. These are listed in the table below.
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|| Crystal number || Crystal length [mm] || Doping || Doping concentration ||

1 8,5 Undoped -

2 8,5 Undoped -

3 10,0 Tantalum 0,1 wt. %

4 10,0 Magnesium 0,1 wt. %

5 9,0 Vanadium N/A

6 7,0 Rubidium N/A

7 9,5 Magnesium 0.05 wt. %

3.3 Results

21

The measurements were taken as a function of two parameters: The second harmonic intensity in the
cavity waist and the crystal temperature. The crystals 3, 5 and 6 turned out to be of poor optical quality.
As a result the modematching of the Ti:Sapphire output into the cavity was rather bad and consequently
the uncertainties of the BLIIRA measurements were high. However the behavior of the crystals were
found to resemble the behavior of the undoped crystals 1 and 2 very much. In the rest of this chapter
we will focus on the crystals 1, 4 and 7, since the comparison of these lent us the most insight to the
BLIIRA problem. Both the 488 and the 514 nm lines of the Argon ion laser were used as the second
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Figure 3.3: The BLIIRA dependence on the second harmonic (SH) intensity in the cavity waist. The
BLIIRA in the Mg doped crystal 7 is seen to be more than a factor of 2 higher than in the undoped
crystal 1. The growth of BLITRA in crystal 7 with the SH power is seen to follow a power law to a good

approximation whereas the agreement is worse for crystal 1.



CHAPTER 3. BLUE LIGHT INDUCED INFRARED ABSORPTION 22

1,0

I T T T T T T T T T T T
| o O O O
0 m]
P e A A A A 1
- 2
q.) 0’8 B :‘ - | | | | ] N
O L e " ]
= .
o 0’6 i g 0 7]
o) : O Crystal #1, T=50C
o o m  Crystal #7, T=20°C | ]
@ " oo
O 04+ Crystal #7, T=50°C |
(7] ! !
(D) L |
O |
a 0,2 i .
@) L ]
"
i

00 01 02 03 04 05 06
OPO pump power [W]

Figure 3.4: The OPO escape efficiency vs. the pump power. This has been derived from the BLIIRA
data, by using the parameters o = 0.5, Ly = 0.005, Exz, = 0.02 W~ and wo = 13 um.

harmonic pump, but since no difference was observed in the BLIIRA, we will omit the specification of
which line we used in the following.

As is shown in figure 3.3, the BLIIRA grows rapidly with an increasing intensity of the second
harmonic. This growth is found to almost follow a power law, where the power is about 0.45 for the
Magnesium doped crystal 7 at 20°C, 0.48 at 50°C and 0.34 for the undoped crystal 1 at 50°C. However
the latter does not follow the power law very well and hence the slope for high intensities is in fact close
to 0.5. This indicates that different processes are responsible for the BLIIRA in the doped and undoped
crystals. We will return to this observation in section 3.4. According to our simple theory leading to
(3.1), this power dependence leaves us some hope that the OPO escape efficiency may grow as the pump
power is increased and the output coupler transmission is optimized accordingly. In order to convert
the measured BLIIRA to a realistic conversion efficiency for an OPO, we now use (3.1), remembering
that the peak intensity of a Gaussian beam is given by Iy = 2P/mw3, where P is the total power in the
beam, and wq is the beam waist. If we furthermore use some realistic values of ¢ = 0.5, £y = 0.005,
Enr = 0.02 W' and wg = 13 pm, we obtain the escape efficiency optimized with respect to 7 as a
function of the second harmonic pump power available. This is plotted in figure 3.4. From here it is
clear that the gain in the escape efficiency with increasing pump power is very small above 100 mW. It
should be kept in mind that the OPO pump typically is produced in second harmonic generation[6], and
high pump powers therefore are nontrivial to produce. The maximum pump power appearing in fig 3.4
is about 600 mW, which is close to the highest second harmonic power achieved by frequency doubling
in KNbO3[30]. For this reason it may not turn out to be worth taking up the challenge to increase the
OPO pump power in order to gain a few percent in the escape efficiency.



CHAPTER 3. BLUE LIGHT INDUCED INFRARED ABSORPTION 23

Crystal #1, 1=135,0kW/cm’

Crystal #2, 1=197,0kW/cm’
E Y Crystal #4, 1=165,0kW/cm’

r L

T
>

> B D> O
1

Crystal #7, 1=144,0kW/cm’

L A i
E 'y
- j -
L~ x i
AN Y 9
- Eﬁmt _

BLIIRA [%]
o - N W b g1 o ~N 00
F
N Nig

0 40 80 120 160 200
Temperature [ C]

Figure 3.5: The temperature dependence of BLITRA. The open symbols are the results from the undoped
crystals and the filled symbols are data for the Mg doped crystals. The dotted line indicated the
lowest level of BLIIRA for the undoped crystals. All data were taken with comparable second harmonic
intensitites.

Another interesting result that can be observed from the figures 3.3 and 3.4 is that the BLIIRA in
the Magnesium doped crystal 7 is reduced with about a factor of 2 when the temperature is increased
from 20 to 50°C. Consequently the predicted OPO escape efficiency is increasing from 79% to 90%. The
high level of absorption as well as the temperature dependence of BLIIRA in the Mg doped crystals is
also observed in ref. [24] for a single crystal out of a collection of 10 samples. However this subject is not
pursued further in this paper, and consequently we chose to undertake a more thorough investigation of
this feature.

In the measurements outlined above, the crystal was thermally stabilized by means of a thermoelectric
element. We now put this element to the test by monitoring BLITRA for our crystals in the temperature
region from 10 to 180°C. The measurement procedure used in this series of experiments was the same
described above, and the results are shown in figure 3.5.

From this figure it is found that the Mg doped crystals display a much stronger temperature de-
pendence than the undoped crystals. For the former, the BLIIRA started from a level close to 7%
absorption at room temperature, which would leave them useless for squeezing experiments. However
as the temperature was increased, the absorption dropped relatively fast, and it went below 1% around
90°C for the medium doped crystal 7 and around 40°C for the heavier doped crystal 4. The undoped
crystals 1 and 2 showed a much weaker temperature dependence, but as a general trend, the BLIIRA
also decreased with temperature for these samples. In the next section we will present a simple model,
which will cover these main features of the BLIIRA.



CHAPTER 3. BLUE LIGHT INDUCED INFRARED ABSORPTION 24

Looking at figure 3.5, the main question that arise is: Can we gain in the escape efficiency by using
a Mg doped crystal and heat it up to more than 100°C? At a first glance the answer is yes. In fact it
was found that the strong temperature dependence of BLIIRA in the Mg doped crystals brought their
absorption even lower than the smallest absorption in the undoped crystals. This level is indicated with
the dashed line in figure 3.5. However we found that the behavior of BLIIRA in different crystal samples
was so individual, that one should be careful concluding, that BLIIRA as a general rule is smaller at
high temperatures in the Mg doped KNbOs3.

A final thing worth noting from figure 3.5 is, that the amount of BLIIRA seems to be a non monotonic
function of the concentration of Mg in the crystal. If we draw a vertical line at, say, 80°C, we find the
BLIIRA to be 0.7% for the undoped crystal 1, 1.2% for the 0.05% doped crystal 7 and 0.4% for the 0.1%
doped crystal 4. This behavior can probably be attributed to an interaction between the Mg atoms in
the crystal, which become important at higher concentrations. As a result the Mg atoms are likely to
form pairs or even to cluster in larger groups in the crystal.

3.4 A qualitative explanation of BLIIRA

In the following a qualitative explanation of the BLITRA dependence will be outlined. The full problem
of the electronic structure of KNbOg with its impurities and crystal defects is a formidable task to take on
and it is beyond the scope of this Ph.D. work. We are however capable of understanding our results in a
more general sense, especially the remarkable behavior of the Mg doped crystals deserves an explanation.

The behavior of BLITRA is usually explained within a charge transport model[31][24]. Here impurity
levels located in the bandgap of the crystal can interact with the light fields and thereby absorb a
substantial fraction of this light. In the two center model two kinds of impurity levels are considered,
some of which are positioned high in the bandgap |2) and others lying close to the valence band |1).
This is illustrated in figure 3.6(A). The bandgap of KNbOsg is between 3.1 and 3.2 eV, and consequently
electrons cannot be excited from the valence band to the conduction band as long as the wavelength
of the second harmonic is longer than about 400 nm. The low lying impurity levels |1) can however
be thermally excited from the valence band, and in thermodynamical equilibrium at room temperature,
these levels are in fact all filled by electrons so that no infrared light can be absorbed between the
valence band and these levels. The situation is different when the second harmonic is present. The high
lying impurity levels, which are unpopulated in thermodynamical equilibrium, can now be excited by
electrons from the valence band via the interaction with the second harmonic field. This leaves holes
in the valence band, and consequently electrons from the low lying impurity levels can now recombine
with the holes leaving their initial levels unpopulated. As a result the fundamental infrared light is
now free to interact with the transition from the valence band to the low lying levels and thereby being
absorbed. Furthermore we can account for the decreasing BLIIRA with increasing temperature in the
following way. A higher temperature will move the chemical potential higher in the bandgap, and
consequently the low lying impurity levels are less likely to become depopulated. This leaves less final
states available to the transition driven by the infrared light, and consequently the BLIIRA is reduced as
the temperature is increased. The above outlined mechanism and closely related variants is likely to form
the basis of BLIIRA in undoped crystals. On a quantitative basis this model has successfully described a
series of experiments on light induced absorption[31][27][28], it is however not sufficient, when the strong
temperature dependence of the Mg doped crystals must be explained.

The failure of the two center model relies on two facts: (a) From theoretical work[32] it is known that
Mg acts as a donor when embedded in KNbOs. This means that the low lying impurity levels should
be filled up when Mg is added to the crystal, and consequently the BLIIRA should reduce. This is not
what we have observed. (b) If Mg should contribute to increase the BLIIRA in the two center model, it
would have to participate in the absorption process of the second harmonic. As a result the absorption
of the second harmonic field should be higher in Mg doped crystals, this is however in contradiction to
the measurements of ref. [33]. Here the second harmonic absorption in Mg doped samples was found to
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Figure 3.6: The impurity levels in the bandgap relevant for BLIIRA. (A) The two center model where
the infrared (IR) is exciting the level |1) and thereby being absorbed. (B) The cascade model where the
second harmonic (SH) excites the level |2), from which the IR can populated the conduction band.

be smaller than in undoped samples. In fact the theoretical work of ref. [32] supports this result. Here
the binding energy of an electron to a Magnesium defect in KNbQOj is calculated to be 0.27 eV, meaning
that it is not possible for our 2.5 eV second harmonic photons to excite the 2.9 eV transition from the
valence band to the Mg impurity level.

Instead of the two center model we propose a cascade model to account for the strong BLIIRA in
the Mg doped crystals. Here an impurity level located in the bandgap far from the conduction and
valence bands, |2), can be excited with the second harmonic light. By the interaction with the infrared
light, electrons in this level can now be excited to the conduction band. The levels are shown in figure
3.6(B). Naturally the absorption of the infrared will depend on the population of this impurity level. If
we write up simple rate equations for this population, we find it to depend critically on the number of
holes in the valence band and lower lying levels. This will account for the strong BLIIRA in the Mg
doped crystals, since the Mg donors will reduce the number of holes in the valence band and thereby
increase the chemical potential, 1, and the mean population of the impurity level and hence the BLIIRA.
The strong temperature dependence is attributed to a low lying impurity level, |1), close to the chemical
potential. The generation rate of holes in the valence band will now depend critically on the exact level
of the chemical potential relative to this impurity level. As the temperature is increased, the chemical
potential increases and consequently the concentration of holes in the valence band will increase. This
will enhance the recombination rate of electrons in |2) with holes in the valence band, and as a result the
mean population in |2) and the BLIIRA will go down. For a more quantitative analysis of the cascaded
model the reader is referred to ref. [34], where good quantitative agreement between our experimental
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results and the cascade model is found.

It should be stressed, that the models described above all depend on a great number of parameters,
such as the exact energy of the impurity levels, the chemical potential etc. These quantities are not
very well known experimentally, which leaves a lot of space for adjusting them within each model in
such a way that the relevant experiment is accounted for as good as possible. This of course limits the
credibility of the models on the quantitative level, however they are still valuable in the sense, that they
provide us with an insight into the mechanisms responsible for BLIIRA.

3.5 Conclusions

In summary the BLITRA experiment has taught us, that the light induced absorption grows so fast with
the second harmonic pump power that the optimized OPO escape efficiency does not grow significantly
when the pump power is higher than about 100 mW. This motivated the investigation of a way to
circumvent BLIIRA in KNbOj3. Here the temperature dependence of BLIIRA seemed to provide us
with a solution. In the undoped as well as the doped crystal, the BLIIRA was found to decrease with
increasing temperature. In the Magnesium doped crystal this effect was seen to be particularly strong,
and at temperatures above 100°C the BLIIRA seemed to drop below the level of the undoped crystals.
As a result an improvement in the OPO escape efficiency from 80% to 90% was anticipated according to
figure 3.4. In the next chapter we will show how this temperature dependence was used to our advantage
in an experiment with the goal of producing strong squeezing.

Finally we put forward an alternative to the commonly used two center model. This was needed
because the two center model failed to explain the high degree of BLIIRA in the Mg doped crystals as
well as the strong temperature dependence of BLIIRA in these crystals.
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Figure 3.7: The KNbOs crystal located inside the OPO resonator. A teflon housing isolates the crystal
from the surroundings and an electrical heater is keeping the crystal at 130°C. In order to preserve the
ferroelectricity of the crystal a bias of 30 Volts is applied along the c-axis.



Chapter 4

Production of Squeezed Light

Armed with the knowledge from our BLITRA experiment as described in the previous chapter, we were
now ready to take on the challenge associated with the production of nonclassical light. Keeping in mind
future experiments involving nonclassical light and atomic physics, we chose the wavelength 917 nm as
the carrier of our squeezing, since this corresponds to the 6P5/, — 6D5/5 transition in atomic Caesium.
Another motivation for using this wavelength is that the phasematching temperature for a cut KNbOgs
is around 130°C at 917 nm. According to the discussion in the previous chapter, the BLIIRA should
be reduced with about a factor of two as compared to operation around room temperature. Because of
the great individuality of the behavior of the crystals, we did not take the chance of using Magnesium
doped KNbOj3. If we had done this, we would have to trust that the BLIIRA of all Mg doped crystals
will drop just as much with temperature as the two, we tested in the previous chapter. This was by no
means certain, since the vendor did not have the required control on the growth process of these crystals
to be able to guarantee this.

Several nonlinear processes have been proposed, in which squeezing can be produced. These in-
clude x® as well as x®) nonlinearities such as Second Harmonic Generation (SHG)[35], Parametric
Downconversion[36], Four Wave Mixing[37] etc. Historically the process of Parametric Downconversion
has proven to be the most efficient method of generating good squeezing|6][7][38], and therefore we chose
to generate squeezing utilizing this process taking place in an OPO. In chapter 9 we present a theoretical
treatment of the Internally Pumped OPO which may prove to be a source of squeezed light just as
efficient as the regular OPO but requiring a simpler setup.

In order to provide the pump for the OPO, the second harmonic had to be created first. An OPO
optimized to produce good squeezing usually has a quite high threshold (several hundreds of milliwatts).
For this reason most of our 917 nm light was used to produce this pump. However high power second
harmonic generation is never a trivial task, and in the following section the achievements in this direction
will be discussed. Then we will move on to consider the classical properties of our OPO, including the
cavity design and threshold, and finally the squeezing experiment will be described together with a
comparison to the theory derived in chapter 2.

4.1 Second harmonic generation

By using (A.19) with total losses in the vicinity of 10% and a nonlinearity of about 1%/W, we arrive at a
threshold for the OPO around 250 mW. This is the power required inside the OPO crystal in the cavity
mode to drive the OPO above threshold. However imperfect modematching and nonzero reflectivities
of crystal surface and mirrors can easily increase this threshold to 400-500 mW outside the OPO. In
chapter 2 we found that, in principle, about 50% of this power is sufficient to produce more than 95%
of quantum noise reduction. As a result we were in need of more than 200 mW of second harmonic
light to pump our OPO. Having a limited amount of fundamental (917 nm) light available, this required

28
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Figure 4.1: (A) The nonlinear conversion efficiency vs. the input coupler transmisson. The plot cor-
responds to £ = 0.6% and Enr = 1 %/W. (B) The input coupler transmission yielding the highest
conversion efficiency in (A) vs. the available pump power. Again the losses were chosen to be £ = 0.6%.

second harmonic generation with a high efficiency. Previous experiments have shown that KNbOg offers
the high nonlinearity, which is necessary in order to achieve the high conversion efficiency[23][30], and
encouraged by our experience gained with BLIIRA, the choice of KNbO3 as the nonlinear material in
our frequency doubler seemed obvious.

4.1.1 Theoretical considerations

With the goal of finding the optimum parameters for nonlinear conversion in our second harmonic
generator, let us now turn towards the theory for this device. In order to keep the experimental setup
simple and reliable, we chose a singly resonant cavity, in which only the fundamental was built up. From
(3.5) it is easy to see, that the cavity build up for this field is given by

P, AT

= 4~1
Pi (T+L+P.Eny)? “

Here P. is the intracavity fundamental power, P; is the input fundamental power, 7 is the input coupler
transmission, £ are residual losses including BLIIRA and P.Ejy, is the nonlinear loss due to the con-
version of the fundamental into the second harmonic. We are interested in solving (4.1) for P, in which
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case we obtain a cubic equation with the solution
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where we have defined x = P.Enp, A=7 + L and p = 47 P;Enr. The second harmonic power is now
given by P, = Enp P? = 22 /Enp, and using (4.2) this gives us
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Given the available pump power P;, the internal losses £ and the nonlinearity of the doubling cavity,
FEnr, we can optimize the input coupler transmission to obtain the highest nonlinear conversion efficiency,
P,/P;. This is shown in figure 4.1(A), from which we find that the optimized value of the conversion
efficiency depends on the available pump power, the nonlinearity and the cavity losses. The curves in
figure 4.1(A) all correspond to a realistic value of £ = 0.6%, and Enxr = 1 %/W. Having £ and Enr.
fixed, we find the optimized conversion efficiency to be growing with increasing pump power. This is
the reason why the highest achieved conversion efficiency known to the author of 89%[39], was obtained
with a pump power as high as 1.25 W. In figure 4.1(B) the optimum input coupler transmission has
been plotted versus the available pump power. This is shown for three different nonlinearities, and as a
general trend, the best input coupler transmission is increasing with the available power. This is because
the highest intracavity buildup of fundamental power occurs when the cavity is impedance matched[40],
meaning that the input coupler transmission matches the total intracavity losses. The latter include the
nonlinear losses due to the conversion, which grows significantly with increasing pump power.

In our treatment we have totally neglected BLIIRA and, as it will be shown in the next section, this
nonlinear loss can seriously limit the conversion efficiency for higher pump powers. Another nonlinear
effect arising in high power frequency doubling is thermal lensing, which tend to reduce the modematch-
ing and consequently the coupling efficiency of the pump into the doubling cavity. In some nonlinear
materials, such as LiNbOg, the third order nonlinearity responsible for the photorefractive properties
can come into play. As a result the second harmonic can change the index of refraction locally in the
crystal, and self focusing effects arise. Here we have just mentioned just a few effects, which can limit
the efficiency, with which we can produce the second harmonic. They should serve to remind us, that
high power second harmonic generation is never a trivial task.

4.1.2 Experimental results

Guided by our theory from the previous section, we now turn to look at the actual experiment. The
optimum focusing for nonlinear conversion we find from figure A.2 to be 15 um for a 10 mm crystal at
917 nm. By focusing our Ti:Sapphire output to this spotsize inside our KNbOj crystal, and measuring
the generated second harmonic power, we were able to infer the single pass nonlinearity of 1.2 % /W for
this particular crystal. The buildup cavity used to enhance the nonlinear interaction was chosen to be
a folded ring design with an opening angle minimized to about 6° in order to avoid aberrations. The
resonator contained two concave mirrors with a radius of curvature of 5 cm and two plane mirrors. The
length of the cavity was chosen to yield a waist between the curved mirrors peaked at 17 um at the
center of the stability curve. By inserting the crystal into the resonator the nonlinearity was found to
be (1.0£0.1) %/W, and the intracavity losses in the absence of nonlinear interaction were measured to
be (0.6+0.1) %. By estimating an amount of BLIIRA of 0.7 % in the presence of the second harmonic,
and anticipating 500 mW of pump power at 917 nm, we obtain the optimum input coupler transmission
of 7.9 %. For this experiment we chose an input coupler transmission of 7 %, since we were likely to use
smaller pumping powers as well.
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Figure 4.2: (A) The second harmonic power generated with a scanned and locked resonator. (B) The
doubling efficiency with scanned and locked cavity. The full lines are derived from our theory with
,C = 0.6%, T = 7% and ENL = 1%/W.

The second harmonic efficiency was optimized first while scanning the doubling cavity sufficiently
fast, so that thermal effects appeared on a longer timescale (typically hundreds of milliseconds) than the
time it took to scan across resonance (a few milliseconds). The obtained doubling power on resonance
was measured as a function of the pump power coupled into the nonlinear resonator.

After a crystal spot with high nonlinearity and low losses had been found in the scanning cavity, the
crystal temperature was tuned away from phasematching and the cavity was locked to the laser line by
means of a standard frequency modulation technique[41]. Then the crystal was slowly heated up to the
phasematching temperature, and minor adjustments were applied to the cavity in order to optimize the
second harmonic output. This procedure was necessary because the thermal effects made the resonator
bistable. When the crystal temperature was increased above the phasematching temperature, the second
harmonic output would drop drastically, and one would be unable to retain the maximum power by
cooling down across the phasematching temperature. In order to reach the high second harmonic power,
the cavity had to be unlocked and the procedure outlined above had to be repeated. It is needless to say,
that this kind of operation required a servoloop performing very well in order to minimize fluctuations in
the cavity detuning and consequently the intracavity fundamental power. The results from the scanned
and locked frequency doubler are plotted in figure 4.2. The second harmonic power plotted in figure 4.2(A)
is corrected for the finite reflection of the crystal surface and the output mirror resulting in an overall
transmission of 83 %. Scanning the cavity we got as much as 520 mW peak power of second harmonic
power, however when the cavity was locked, the thermal effects got so severe, that stable operation could
only be obtained up to about 370 mW of pump power. Fortunately the conversion efficiency was high,
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so that this pumping power actually was converted into 275 mW of the second harmonic. Correcting
this number for the cavity escape efficiency, we ended up with about 225 mW for pumping the OPO. On
a day to day basis we had more than 200 mW from the doubling cavity. The doubling efficiency is seen
from figure 4.2(B) to peak at about 80% for a pump of 300 mW, at higher pump powers thermal effects
became serious, and the efficiency dropped. Comparing to our theory with the measured parameters
T =%, L = 0.6% and Enr, = 1.0 %/W, we find good agreement for small second harmonic powers.
As the pump power is increasing, the deviation from the theory becomes larger. This we attribute to
BLIIRA, since this is not taken into account in our theory, and from the previous chapter we know, that
BLIIRA grows strongly with increasing second harmonic power. Since the deviations from the theory
are found in the scanning as well as the locked cavity, we can preclude the thermal effects as responsible
for this feature.

If we attribute the discrepancy between the theory and the measured points to BLIIRA, we find
the latter to be about 0.9% at 500 mW pumping power corresponding to 400 mW second harmonic
power. Having a waist of the second harmonic of around 10 pum in the crystal, we find this power
to yield an intensity of 230 kW /cm? in the waist. The second harmonic in the doubling is created
along the fundamental path in the crystal, whereas in the measurements devoted specifically to measure
BLITRA[34][24], the second harmonic was present throughout the crystal. If we correct for this in a crude
way by dividing our intensity by a factor of two, we end up with the second harmonic intensity of about
10° W/cm?. If we now compare our 0.9 % BLIIRA at 100 kW /cm? with the results of ref. [24] taken at
860 nm, we again find that the BLIIRA has been reduced by more than a factor of two by going to the
longer wavelength and consequently higher temperature.

4.2 Parametric amplification

With the good doubling results at hand we now moved on to the construction of the OPO. From (2.16)
we see, that the observed squeezing decreases with increasing frequency of the observation. In (2.16)
this frequency is measured in units of the OPO linewidth. This means that in order to minimize the
loss of squeezing due to the finite bandwidth of the measurement, we should build an OPO resonator
with as large linewidth as possible. Consequently the resonator should be short and have a large output
coupler transmission. Keeping in mind that we later wanted to observe the interaction of our squeezed
light with atoms, it was even more desirable that the bandwidth of the squeezing and consequently the
linewidth of the OPO was as large as possible. The maximum output coupler transmission was limited
by the available pump power and BLITRA according to the discussion in the previous chapter, and the
minimum length was set by the geometry of the resonator. Standard ABCD matrix calculations show
that strong focusing mirrors are required in order to produce the optimum waist for nonlinear conversion
for a short resonator. The total cavity length for our OPO was about 20 cm. In order to produce the
waist in the vicinity of 15um, we needed mirrors with a radius of curvature of 2.5 cm. The opening angle
of our folded ring resonator was about 10 degrees, and with the strong focusing of our curved mirrors,
this was on the edge of what could be tolerated in order to avoid significant aberrations in the cavity
mode.

The OPO was not driven above threshold, and for this reason no coherent field was present inside
the cavity. However it was still needed to keep the cavity in resonance with the fundamental wavelength
of 917 nm in order to achieve an appreciable parametric gain. This was done by injecting a weak
coherent field at the fundamental frequency into the OPO cavity through a high reflector in a direction
counterpropagating to the second harmonic pump. Looking at the transmission of the field through the
output coupler, an errorsignal could be generated by means of standard FM techniques[41]. The output
coupler transmission of the cavity was measured to be 7 = 7.3% and the residual losses in the absence
of BLIIRA were about £ = 0.3%.

In order to observe the phase sensitive gain characteristic to the OPO below threshold, we injected
another weak coherent field through a high reflector, this time in the direction copropagating to the
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Figure 4.3: (A) The phase sensitive gain for a fixed pump power with the phase scanned. The dashed
line corresponds to a theoretical fit yielding ¢ = 0.71. (B) The maximum gain as function of the pump
power. The open points are obtained by using our theory with the measured values of BLIIRA. As a
result we find the nonlinearity of about Enr = 0.5 %/W.

pump. The amplification of this field was observed as its phase relative to the pump phase was being
scanned. A typical trace is shown in figure 4.3(A) together with a fit (dashed line) relying on our theory
for the gain (A.26). This fit gave us the value of the pump parameter o = y/P/P;;, and consequently
the OPO threshold. It should be noted here, that the obtained threshold depended on the BLITRA, and
consequently it was pump power dependent. Because of this, we measured BLIIRA for a series of pump
powers together with the gain. This was done by lowering the temperature from phasematching and
observing the variation of the transmission of the OPO with and without the pump present. By means
of egs. (A.19) and (A.26), we were now able to model the power dependence of the gain, and thereby
obtain the crystal nonlinearity. These results are shown in fig. 4.3(B). The nonlinearity was found to
be Enr = (0.5 £0.1) %/W, which is rather low. The reason for this loss of nonlinearity is still unclear,
but it is likely to be caused by astigmatism in the OPO cavity. Astigmatism would reduce the overlap
of the pump with the cavity mode and thereby reduce the nonlinear coupling. The pump powers on the
horizontal axis of fig. 4.3(B) have been corrected for the coupling efficiency of 67% into the OPO. This
was limited by the finite modematching and reflections from mirror and crystal surfaces of the pump.

The measured BLIIRA at 917 nm in the OPO ranged from 0.1 % at 40 mW pump power to 0.7 %
at 200 mW pump, the latter corresponding to the intensity of 10° W/cm?. Again comparing to ref. [24]
we see, that the shift towards longer wavelengths and higher temperatures paid off in terms of reduced
BLIIRA. The BLIIRA resulted in a threshold derived from the gain, which varied from 300 mW with 40
mW pump to 350 mW with 200 mW pump.



CHAPTER 4. PRODUCTION OF SQUEEZED LIGHT 34

4.3 Squeezed light generation and detection

4.3.1 Homodyne detection of Squeezing

With the classical properties of the OPO under control, we now continued to examine the quantum
features of the OPO output. According to the discussion in chapter 2, the output of a sub-threshold
OPO does not possess a coherent amplitude, furthermore the photon number of this squeezed vacuum
state is so small that the state is hard to observe using a conventional detector. In a sense our squeezing
is just a weak optical signal, and from basic optics we know that such signals can be greatly enhanced by
using a heterodyne detection scheme. Here a strong beam in a coherent state, called the Local Oscillator
(LO), is mixed with our weak beam with an adjustable relative phase, and the resulting beam is sent onto
a detector. The detector output will contain the beatnote between the signal and local oscillator. The
strength of the beatnote is set by the product of the amplitude of the weak beam with the local oscillator
amplitude, and consequently the signal strength has been increased by the ratio of the LO amplitude
to the weak field amplitude. The heterodyne signal can be encoded at frequencies spanning from a few
Hertz to several THz[9] depending on the frequency of the LO. The term ’homodyne detection’ is usually
used for the low frequency region. Since the squeezing of an OPO output basically is located within the
OPO bandwidth, the LO frequency should match half the OPO pump frequency within this bandwidth.
Obviously phase coherence between the squeezed vacuum and the LO is required in order to be able
the separate the squeezed and antisqueezed quadratures, and as a result, the LO in our experiment was
generated by splitting off a small portion of the pump for our frequency doubler. Hence the frequency
of the LO was exactly the same as the frequency of the squeezed vacuum, and we ended up with a
homodyne detector.

Our homodyne detector consisted of a 50% transmitting beamsplitter on which our LO containing
about 1-5 mW of power was overlapped with the OPO mode. The two outputs of the beamsplitter were
monitored on two high quantum efficiency photodiodes, and the two photocurrents were subtracted. It
is easy to show that the differential photocurrent is given by[42]

i =2:0(X(0+3)) (4.4)

where we have used the detector quantum efficiency € and that the LO has the real amplitude 3 and the
phase 0. The squeezed field quadrature X (¢) is defined in (2.3). In order to arrive at (4.4), we have used
that the LO is much stronger than the squeezed vacuum, such that the quantum nature of the former
can be ignored, and the field operator replaced by a c-number. If almost every photon is detected, ¢ < 1,
it is possible to define an operator for the photocurrents in such a way that the operator equality

i =2:BX(0+ g) (4.5)

applies. And now it is straight forward to relate the noise of the photocurrent to the optical noise of the
weak squeezed field

62 = (5i2) = 426 (430 + 3)) (4.6)

where the noise operator ¢ has been defined in (2.8). It should be mentioned here that the photon flux
52 is given in units of the bandwidth of the measurement, and the photocurrent 7_ is in units of the
elementary charge.

The homodyne detection of i_ had the other advantage that the technical noise of our laser was
cancelled out to a great extent, whereas the incoherent quantum noise could not be balanced out in this
way. The balancing of technical noise in our detectors was typically more than 30 dB.

In order to observe the quantum noise reduction associated with squeezing, we were interested in
eliminating all losses. In terms of the homodyne detector two sources of losses can occur. The first
is imperfect modematching of the squeezed vacuum mode to the LO mode on the 50/50 beamsplitter.
Only the component of the squeezed vacuum mode overlapping with the LO mode was observed in the
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detection, and consequently a factor of ¢? of squeezing was lost on this account. Here ¢ is the fringe
visibility of the interference fringe between the LO and the OPO output mode. In this experiment we
found ¢ = 0.98 & 0.01. The second loss mechanism in the detection scheme was the imperfect quantum
efficiency of the photodiodes. If this number was not 1, we could not detect all the field correlations, and
as a result the squeezing was degraded with a factor of €. In our experiment we used specially designed
pin Silicon photodiodes from Hamamatsu Photonics with an € of 0.995. A final important issue when
detecting squeezing is that the electronic amplifiers in the detectors must have a good noise figure in
order to have the optical noise dominating. To quantify this for our experiment, we observed that the
quantum noise of light exceeded all other noise sources with 15 dB with a LO power of about 5 mW
incident on the homodyne beamsplitter.

Ti:Sapphire

T=7%
/ ~N
2
G;\ >
®
T=7% -1 2 O
3 &
T=7%~p S
0 N’ m
Q
©)
T=50%

Figure 4.4: The setup used for squeezed light production. The second harmonic generator (SHG) was
producing the pump for the OPO. The squeezed OPO output was sent onto the homodyne detector and
the noise was analyzed in the spectrum analyzer (SA). All cavities except the triangular cavity were
locked with an FM technique. For this purpose the electro optic modulator (EOM) was producing RF
sidebands on the Ti:Sapphire output.

4.3.2 Experiment

As mentioned above we produced our local oscillator by splitting off a bit of the pump for our doubling
cavity. However, the spatial mode of this light did not allow for more than 92 % fringe visibility on
the homodyne beamsplitter. In order to clean this mode we designed a Fabry Perot resonator, which
was locked to have its TEMyp mode resonant with the laser. Since a Fabry Perot resonator is virtually
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aberration free, the transmission of this cavity was a clean TEMyy mode, which gave a fringe visibility
of as much as 98 % on the 50/50 beamsplitter. The entire squeezing setup is illustrated in figure 4.4.

The OPO pump was modematched to the output of our frequency doubler by pumping the OPO
through the output coupler with light at 917 nm. The nonlinear crystal was phasematched and the
generated second harmonic was modematched to a designated reference cavity. This is illustrated by the
triangular cavity in between the SHG and the OPO in figure 4.4. Then the doubling cavity output was
modematched to the reference cavity in the counterpropagating direction and hence to the OPO. The
quality of the modematching was typically about 95 % in each direction.

The differential photocurrent from the homodyne detector was monitored on a Radio Frequency (RF)
Spectrum Analyzer (SA) at a frequency of 3 MHz with a bandwidth of 100 kHz. The 3 MHz frequency
was chosen because above this frequency, a 2.5 mW beam from the Ti:Sapphire laser was displaying
technical noise 8 dB above the shot noise corresponding to 6.3 times. This meant that after 30 dB
of balancing only 0.5 % of technical noise relative to shot noise would be present in the differential
photocurrent.

Now the OPO was pumped while the relative phase between the squeezed vacuum and the LO was
scanned, and the SA signal is shown in figure 4.5. The flat trace around 0 dB was measured with the
OPO pump blocked, this indicated our shot noise level. It was checked that the noise responsible for
this level really was stochastic in nature, as is quantum noise, by attenuating the LO power in steps of
50%. For technical noise, which is coherent, this means that the noise power will go down with -6 dB
corresponding to 75%. However for quantum noise, which has a stochastic phase, a reduction of 50% in
the power will only result in a reduction of -3 dB in the noise power corresponding to 50%. In other
words, quantum noise is growing linearly with the number of photons in the LO whereas technical noise
grows quadratically. The quantum noise level in figure 4.5 was checked to grow linearly with the power
to within 10%.

As the OPO pump was increased, the phase sensitive gain started to show. From the dashed line,
which is a fit to the modulated curve, we find that the gain was about 11.5 dB corresponding to 14
times. More interesting are the dips in the curve. For a phase difference around 7 /2, 37/2 etc. we see
that the noise level is reduced below the shot noise limit, meaning that we have reduced the quantum
fluctuations of the OPO output below the standard quantum limit. In this series of measurements the
quantum noise reduction was about -5 dB, which is equivalent to 32% remaining quantum fluctuations
in the squeezed quadrature of the OPO mode.

Ideally the squeezing should go as low as the 11.5 dB gain, that we observed, however in practice a
number of factors limited this number. 1) We did not look for squeezing a zero frequency, where we found
in chapter 2 that the best squeezing is found. This reduced the squeezing with 6%. 2) Our detectors
did not have 100% quantum efficiency, meaning that not all correlations were detected. 3) Even though
good optics was used, the propagation of the squeezed vacuum was lossy. Our best estimate showed
that about 1% of the squeezing was lost in propagation to the detector. 4) The fringe visibility on the
homodyne detector was not 100%, and consequently not all of the squeezed mode was probed by the
LO. This reduced the squeezing by 4%. 5) Finally not all the correlated photons circulating inside the
OPO cavity escaped in the desired direction through the output coupler. The finite escape efficiency of
the OPO reduced the squeezing with 12.2%. The final balance is shown in the table below.

1) | Finite frequency of the measurement 0.94
2) | Quantum efficiency of the photodiodes 0.995
3) | Propagation losses from OPO to detectors | 0.99
4) | Homodyne efficiency on 50/50 beamsplitter | 0.987
5) | OPO escape efficiency 0.878
6) | Finite OPO gain of 11.5dB 0.93

[ || TOTAL [ 0.73 |

Adding up all the limiting factors, we end up with 73% quantum noise reduction to be observed.
This is -5.6 dB of squeezing in reasonable agreement with the observed -5 dB of squeezing from figure
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Figure 4.5: The phase sensitive noise of the OPO output recorded on the RF spectrum analyzer. The
noise was measured in a 100 kHz frequency window around 3 MHz. The flat trace around 0 dB is the
measured photocurrent with the OPO output blocked. This sets the shot noise level. When the squeezed
vacuum enters on the beamsplitter, the noise levels oscillates depending on the relative phase between
the LO and the squeezing. The trace shows a parametric gain of 11.5 dB and a quantum noise reduction
of about 5 dB relative to the shot noise level. The dashed curve is the best fit with an overall efficiency
of 78% yielding o = 0.68.

4.5. The last number is obtained from a fit to our data using the 78% efficiency inferred from the points
1) to 5) above. This fit is shown as the dashed curve on fig. 4.5, from which we could derive the OPO
pump parameter to be o = 0.68 + 0.01.

Although this experiment clearly showed that the problem of BLIIRA can be circumvented to some
extent by going to higher temperatures, the table above told us, that the major limitation of the squeezing
still was the OPO escape efficiency and consequently BLIIRA. The reason, why we could not simply use
an output coupler with a higher transmission, was that the nonlinearity of the OPO crystal was low. In
this experiment the nonlinearity was only about 0.5%/W as opposed to the 2%/W reported in ref. [7]
for the same type of material. With a higher nonlinearity we could have reached the same gain with
a smaller amount of pump power and consequently with less BLITRA and a higher escape efficiency.
Towards this end, the relative new technique of Quasi Phase Matching seems promising[43][44][45].
Having the phasematching conditions inherently present in the crystal design, it is possible to have
nonlinear interaction when the harmonic and the fundamental have parallel polarizations. This means
that it is possible to exploit the generally larger diagonal elements in the nonlinear tensor for parametric
processes. For comparison, a 10 mm sample of periodically poled Lithium Niobate can display a single
pass nonlinearity of as much as 8% /W, which is 4 times larger than the best KNbOj crystals provide.
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4.4 Summary

In summary the squeezing experiment described in this chapter was very valuable in terms of gained
experience with nonlinear optics and nonclassical light. We demonstrated doubling efficiencies exceeding
80% in our KNbOj3 frequency doubler. This resulted in second harmonic powers in the vicinity of 300
mW, sufficient for pumping out sub- threshold OPO. In the latter we observed a phase sensitive gain as
high as 17 and thresholds ranging from 300 mW to 350 mW. The threshold was found to be depending on
the pump power because of the BLIIRA. This is also the reason why the maximum gain not necessarily
gives the best squeezing. We found our best squeezing to be about -5 dB with a parametric gain of 11.5
dB. Within the uncertainties the loss of squeezing was accounted for, and the biggest contribution to this
loss was found to be the OPO intracavity absorption. This limited the escape efficiency to be around
88%, which is still larger than the anticipated efficiency at room temperature. Taking the BLIIRA
at room temperature from ref. [7] to be 1.5% with 200mW pump together with our output coupler
transmission of 7.3% and residual intracavity losses of 0.3%, we predict an escape efficiency at room
temperature of only 80%. This shows clearly that we gained in the degree of squeezing by heating the
KNbOj3 crystal above 100°C as compared to a similar experiment at room temperature. The rather poor
nonlinearity of the OPO KNbOj3 crystal prevented us from increasing the escape efficiency by employing
an output coupler with a higher transmission. The loss of nonlinearity should most likely be attributed
to aberrations in the OPO mode.

Although desired, more than 5 dB of squeezing was not necessary for the experiment described
in the next chapter. Here we wanted to demonstrate sub- shot noise performance of a Polarization
Interferometer by employing a so called Polarization Squeezed State of light.
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Figure 4.6: The frequency tunable squeezed light source. In the background the Argon Ion laser pumped
Ti:Sapphire is seen. This is pumping the doubling cavity in the box on the right. The 458nm output
from the doubling cavity is indicated with the line. This is used to pump the subthreshold OPO in the
box on the left, resulting in the squeezed vacuum output.



Chapter 5

Nonclassical Polarization
Spectroscopy

In the last chapter the construction and performance of our squeezed light source was described. This
source was operated to produce quantum correlated light at 917 nm, but due to the wide tunability of
the Ti:Sapphire laser driving the source, in principle any wavelength between 840 and 1000 nm could be
reached. This range was limited by the phasematching temperature of the KNbOg crystals responsible
for the nonlinear interaction, since these fragile crystals undergo phase transitions at -50°C and 223°C.
Needless to say that the tunability was of great importance when the squeezing should be applied to
address certain atomic transitions.

In the following three chapters our attempts to perform highly sensitive measurements on the col-
lective spin of an atomic ensemble will be described. The first of these attempts utilized our frequency
tunable squeezed light source to probe a Polarization Interferometer. This served as our tool for probing
the atomic spin and in the first section of this chapter we will describe the details of our polarization
interferometer. Then we will move on to address our atomic target, which in this case was cold, trapped
atoms in a Magneto Optical Trap. This device will be presented and characterized in greater detail
below. In order to achieve sub- shot noise sensitivity in the Polarization Interferometer, a Polarization
Squeezed state had to be produced, and in the third section it will be outlined how to convert the OPO
output into this nonclassical state. Finally the details and the results of the experiment will be presented
and our conclusions will be drawn.

5.1 The Polarization Interferometer

In ultrasensitive optical measurements, the Polarization Interferometer (PI) has proven to be a valuable
tool. Noteworthy examples are a precise measurement of the Rydberg constant[46] and the observation
of parity nonconservation effects due to the electroweak interaction in atoms[47]. More everyday ap-
plications of the PI span from atomic spectroscopy[48] through measurements of molecular rotational
relaxation of excited electronic states[49] to the stabilization of lasers and optical resonators[50]. In this
section we will describe the PI used in our experiments and in this context derive the lineshapes when
macroscopic atomic orientation and alignment is probed with this device.

5.1.1 The setup

Our PI consisted of two polarizing beamsplitters (PBS1/2) rotated 45° relative to each other by means
of a half wave retarder (A\/2). This is illustrated in figure 5.1. The first polarizer served to clean the
polarization of the probe beam entering the PI as well as for mixing the orthogonally squeezed vacuum

40
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Figure 5.1: The polarization interferometer setup. Squeezed vacuum from the OPO is mixed with the
local oscillator on PBS1. The resulting polarization squeezed state is probing the magneto optical trap
(MOT) and the polarization rotation is being analyzed by PBS2. An RF spectrum analyzer (SA) is
recording the noise power of the differential photocurrent from the photodiodes PD1/2.

with the local oscillator. The latter was an ordinary coherent state produced by our Ti:Sapphire laser. In
the absence of an optically active medium in the path of the probe beam, an equal amount of optical power
was directed to the photodiodes PD1 and PD2 by the second polarizer PBS2. As a result the differential
photocurrent i_ would be zero in this case. If however, an anisotropic medium was placed between the
two polarizers, the polarization would be rotated, and the symmetry between the photocurrents from
PD1 and PD2 would be broken. Now the differential photocurrent would be given by i_ = 2ip0. Where
ig is the sum of the photocurrents coming from the two PD’s and 6 is the polarization rotation angle.

The prism polarizers commercially available today are usually of very good quality. This means that
they have very small extinction ratios, it is not unusual to have this number less than 1075, Having
such two polarizers crossed at 90° the major limitation to the sensitivity, with which one can measure
polarization rotation, would be the quality of the photodetector used. Provided that the dark current of
this device can be kept low, ultrahigh precision in the measurement can readily be obtained. If however
the detector noise is realistic high, our strategy with 45° crossed polarizers turned out to give a better
signal to noise ratio, since the signal grew linear in the polarization rotation angle in contrast to the 90°
case, where the signal would grow quadratic in 6. Keeping in mind that we wanted to apply squeezed
vacuum in our PI, the 45° setup had the additional advantage that almost all the light in the probe beam
reached the detectors, meaning that the measurement was limited by optical noise instead of electronic
noise and that almost no correlations were lost.
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5.1.2 The lineshape

With the goal of obtaining the parameters relevant to the polarization rotation in the PI, we now apply
the Jones formalism to our probe electric field. In general having an electromagnetic wave propagating
along the z axis in an anisotropic medium with the electric field E(Z), we can obtain the effect of the
medium on the field from the equation

dE(2)
dz

4 = [A—T(a/2 —i6)] E(2) (5.1)
Here the matrix A contains the information about the specific state of the medium, and its elements are
assumed to be small, meaning that the anisotropy is small. We have pulled out the optical depth, «, and
phaseshift, §, common for the two components of E, and £ is the interaction length of the anisotropic
medium. The electric field is assumed to be oscillating in the plane orthogonal to the z axis. Keeping in
mind that the elements of A are small, we expand the solution (5.1) to first order in these, to obtain

E(0) = (I+A) e?~/2E(0) (5.2)

We now choose to work in the basis of the eigenpolarization of PBS2. Here we define horizontal and
vertically polarized light to be oscillating along the = and y axes respectively (see fig. 5.1). In this basis,
we write A and the 45° polarized incident light as

(i) s () o

The electric field transmitted /reflected by PBS2 will then be given by

E 1 65— 14+ az: +a
(Ey) V2 o <1+“ym+ayy> (54)

and the differential photocurrent is

. . . L —w 1 1 C —w
i— =€ (iy —iz) = €ige {Re {ayy — aza} + Re{ays — azy} + 3 |ays + ayy|2 —3 |Gz + amyﬂ ~ 20cige

(5.5)
where we have used the detector quantum efficiency ¢ and the initial probe photon flux iy. The rotation
angle relative to the original 45°, 6, of the linearly polarized part of the probe field is found to be

E,(0)— E.(¢ 1

6 ~ Re {%} ~ 5 (Re{ayy =t} + Re{aye — gy }) (5.6)
The first term in (5.5) is obviously related to the different absorption of light polarized along the y axis
and along the x axis. This effect is called linear dichroism. As it will be indicated below, the second term
is related to a different phaseshift of the o+ and o~ polarized components of the linearly polarized probe,
which is called circular birefringence[51]. The last two terms are of higher order in the a;; coefficients
and will therefore be ignored here.

To analyze our signal further it is instructive to switch to a o* polarized basis with the 2’ axis rotated
459 relative the original = axis. Here our anisotropy matrix A’ and initial field looks like

i 1 [(awe + ayy) +i(azy — aye)] [i (azz — ayy) + (Quy + ayz)] ) & 1
A=3 ( [ (s — yy) + (Gay + Oye)]  [(Gan + Gyy) — 7 (ay — ya)] ) B0 = ( 1 ) (5.7)

V2

Since the imaginary parts of the diagonal matrix elements control the relative phase between the o+ and
o~ fields, we see from the form of A’, that Re {ay, — asy} is responsible for the circular birefringence of
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our medium. Another contribution could come from Im {a,, + a,y} in the diagonal, but since this term
appear with the same sign in both diagonal elements, it can only cause an overall phaseshift.
In summary we find the rotation angle to the lowest order in the anisotropy matrix elements to be

0= 7T£ (nyg —n_)+ 1 (ay — ay) (5.8)
A 2

Here ) is the wavelength of the probe light in vacuum, ny are the indices of refraction for & polarized

light respectively and «,/, are the optical depths for light polarized linearly along the z and y axes of

PBS2 respectively (see figure 5.1).

In order to perform a quantum noise limited measurement, the photocurrent ¢_ was recorded at the
RF frequency Q/2m = 3 MHz. In this case we did not measure the angle (5.8) but rather its noise. This
is given by

8i% = 4i260° + 46°6i2 (5.9)

Obviously the first term describes the noise in the polarization rotation angle and the last is the intensity

noise of the probe beam. In our case, the balanced detection scheme together with a quiet laser and a small

DC rotation angle meant, that we could ignore the last term. The first term has several contributions,
so we write it as

812 =~ 4ig (602, + 60%), N + 80%,x) (5.10)

stg
Here 60;9 is the polarization noise due to our modulated atomic sample, and this is what we want to

address in this section. 6925h N 1s the polarization jitter set by the quantum noise of our probe. Later
in this chapter we will show how this contribution can be reduced by means of squeezed light. Finally
60%1) N 1s the quantum spin noise associated with the macroscopic longitudinal orientation and transverse
alignment of our atomic sample. This contribution becomes important when the optical depth of our
target is high. In this experiment a high optical depth would result in a high absorption of the probe,
and consequently a serious loss of squeezing. For this reason we kept the optical depth of our target
low in the experiment and consequently the last term in (5.10) will be ignored here. In chapter 7 we
will consider atomic media with high densities, and the spin noise term will be treated in greater detail.
It should be noted that we in general assume that our detectors have almost 100% quantum efficiency
(e ~ 1), such that iy describes the photocurrent in units of the elementary charge as well as the photon
flux of the probe beam within the bandwidth of our measurement.

As mentioned earlier our probe medium was a sample of cold Caesium atoms trapped in a Magneto
Optical Trap. In this section it will suffice to treat these atoms as an effective three level system in
a ladder configuration. As illustrated in the insert in figure 5.1, the atoms are trapped on the lower
transition corresponding to a wavelength of 852 nm, and the population in the intermediate level is
probed on the upper transition at 917 nm.

In order to generate a signal at our probe frequency 2, the atomic population in the intermediate level
was modulated by intensity modulating one of the trapping laser beams, which was almost copropagating
to the probe. The angle between the two beams was approximately 20°. As a result of the modulation,
the index of refraction and the absorption were also modulated, and hence the differences in (5.8) were
modulated. From (5.8) it is now clear that if the differences were modulated, the polarization angle of
the probe was being modulated as well. In the limit of weak fields on both transitions of our ladder
system, the absorption profile of the probe on the upper transition is nothing but a Lorentzian with
the width ' = (v, + 74)/2, where v, and -y, are the FWHM'’s of the intermediate and excited states
respectively. The index of refraction and hence the difference between two indices of refraction varies like
the derivative of a Lorentzian with the same width I', as the probe detuning is changed. The modulation
of the population in the intermediate level would result in a modulation of the sizes of the two lineshapes,
and since the noise power was recorded on the SA, the resulting signal shape would vary like the square
of the sum of the two contributions. In summary this is written like

I2/4 ST\
802 o= 5.11
szg|Q <§162+F2/4+§262+F2/4> ( )
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Figure 5.2: The Doppler theory of the MOT. The magnetic field B is changing sign a z = 0. Consequently
the Zeeman shifts changes sign as the zero field region is crossed and the ¢+ and o~ polarized red detuned
cooling lasers come into resonance with the atomic transition and kicks the atom towards the zero field
region.

where 6 is the probe detuning from the two photon resonance in the ladder system, and &; and &, are
parameters containing the information on how efficient the modulation was transferred from the pump
to the probe via the atoms. Since the process described above is nothing but four wave mixing in an
atomic medium, the & coefficients are closely related to the third order nonlinearity, x*, of the atomic
medium. A more elaborate theory for the atomic signal will be given in the following chapters, but for
this experiment our simple arguments above will suffice.

5.2 The Magneto Optical Trap

As mentioned above, the optically active medium for the PI was provided by a Magneto Optical Trap
(MOT). In this Ph. D. work the MOT was used only as a tool, and therefore only a minimum of time
was spent on characterizing this device. However, since it was used to provide the target to be probed
in the experiments described in this and the following chapters and because the trapping mechanisms
turned out to be important to some of our later experiments, a brief description of our MOT setup will
be given in the following.

The first demonstration of atoms trapped in a MOT came as early as 1987[52], and since then the
MOT has been developed and simplified to become a standard ingredient in various spectroscopic and
Quantum Optics experiments[53][54][55][56][8]. Typical temperatures of the atoms in a MOT are well
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below 1 mK and the densities can be as high as 10'* ¢cm=3[57], which means, that they provide dense,
Doppler free targets well suited for high precision measurements. Optical depths in a MOT as high as
40 on the trapping transition has been reported[58], but in this work the optical depths were typically
well below 10. In the experiment described in this chapter, the optical depth was kept particular low,
since nonclassical probe light was involved and hence the absorption should be kept at a minimum.

5.2.1 Theory

The mechanism responsible for the trapping of atoms in a MOT is usually visualized as follows. In one
dimension a magnetic field varying linearly with position and changing direction as the zero point is
crossed is Zeeman shifting the magnetic sublevels of the J = 1 excited state of an atom with a J =0
ground state. The magnetic field is assumed to be weak, so that the Zeeman shift is linear in the field
strength and hence the position. To provide the force, we apply a ot polarized red detuned laser beam
is propagating in the positive direction and a o~ polarized laser beam in the opposite direction. Now an
atom positioned in the positive half of the quantization axis will become resonant with the o~ polarized
laser due to the Zeeman shift and receive a kick towards the zero field region. The reversed argument
applies for an atom in the negative half of the quantization axis. Furthermore an atom located in the
zero field region, which has a positive velocity will become resonant with the ¢~ polarized laser due to
the Doppler shift and hence become decelerated. Similarly an atom moving in the negative direction will
become stopped. This is illustrated in figure 5.2. The slope of this Doppler force vs. velocity is basically
set by the linewidth of the cooling transition, vy, and this sets the Doppler limit Tp = fiy; /2kp on how
low temperatures one can achieve in a MOT[59]. For 33Cs this limit is about 125 uK.

It has turned out that the MOT offers the possibility of reaching temperature smaller that the Doppler
limit[60][61]. These sub Doppler temperatures obtained in a circular polarized MOT, like we used, are
typically explained by means of a velocity dependent orientation in the ground state[62]. This of course
means that the ground state must have an angular momentum larger than the J = 0, we used above.
Suppose we have counterpropagating cooling beams o polarized with respect to their propagation axis.
This means that with respect to the quantization axis chosen along one of the beams, an atom will
see ot polarized light propagating in the positive direction and a o~ polarized beam propagating in
the negative direction. If the atom is moving in the positive direction along the quantization axis, the
population in the magnetic substates with negative magnetic quantum number, mgy, will become larger
than the population of the positive my states, provided the cooling lasers are red detuned. Consequently
an atomic orientation in the negative direction is built up, and due to the difference in the Clebsch
Gordan coefficients, the atom is more likely to absorb a photon from the o~ polarized beam propagating
in the negative direction, and as a result receive a momentum kick in the negative direction. The reversed
argument can be applied to an atom moving in the negative direction. The net result of this dynamics is,
that a moving atom always will experience a force directed opposite to the velocity similar to a friction
force. This is why such an arrangement of laserbeams is called optical molasses. The velocity dependence
of the light force is much stronger than the simpler Doppler force, meaning that the atoms in principle
can be cooled as low as the single photon recoil limit. For '33Cs this limit is around 100 nK. In practice
radiation trapping in the resulting dense atomic media usually puts a lower limit on the temperature of
a few pK[57].

5.2.2 Characterization

The element used in our MOT was Caesium. This was captured from the back ground vapor in our
vacuum chamber, in which the Cs pressure typically was about 1078 torr. The atoms were trapped on
the 651 /2(F = 4) — 6P5)5(F = 5) transition at 852 nm and probed on the 6P;/5 — 6D5/o(F = F")
transition at 917nm. The hyperfine splitting in the 65,5 state is so small in Cs, that all accessible
hyperfine levels were addressed as the probe laser was scanned across resonance. The finite overlap of
the 6P/ (F = 5) level with the 6 P55 (F = 4) level resulted in a loss of atoms from the cooling cycle due to
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Figure 5.3: The relevant enegy levels in atomic Cs. The curves show the transmitted power of the 917nm
probe for two different trapping lasers. The multiple peaks are due to the AC Stark splitting of the
6P3/5(F = 5) level and the the hyperfine splitting of the 65/, level.

the decay from 6P35(F = 4) state to the 65)/5(F = 3) ground state. As a result we needed a designated
repumping laser resonant with the 6.5, /5(F = 3) — 6P3/5(F' = 4) transition in order to keep the trapped
atoms in the cooling cycle. The relevant energy levels in Cs are shown in figure 5.3. The repumping
laser was a 100 mW diode laser stabilized with an external grating and locked to the Cs transition using
standard FM saturation spectroscopy[41]. The light driving the trapping transition was provided by
another diode laser when no particular high optical depth was required, and by a homebuilt Ti:Sapphire
laser when a large number of trapped atoms was needed. In both cases the laser line was locked to the
cross over resonance between the 651 /o(F = 4) — 6P;5(F = 4) and the 65, /5(F = 4) — 6P/5(F = 5)
transitions by using a probe beam which was frequency shifted by means of an acousto optical modulator
(AOM). In this way the detuning of the trapping laser could be optimized to give the highest atomic
density by adjusting the AOM frequency. Depending on the power available for trapping, the detuning
was varied between 6 and 15 MHz. The diode laser provided around 30 mW for trapping whereas the
Ti:Sapphire gave around 200 mW.

In the small MOT the atoms were cooled by means of five 0" polarized laser beams coming from the
diode laser. Three of these were propagating in a 120° angle relative to each other towards the center of
the vacuum chamber. This happened in a plane orthogonal to the axis of the last two trapping beams,
which were counterpropagating. In the case where a Ti:Sapphire laser was used for trapping, we used a
six beam configuration, where the o+ beams were pairwise counterpropagating. In both cases all beams
were overlapping in the center of our vacuum chamber. In order to provide confinement in addition to
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the cooling a quadrupole magnetic field with a gradient of about 10 Gauss/cm around the zero field
region had to be applied. This was provided by two coils in anti-Helmholtz configuration. To obtain
trapping, the cooling beams had to be aligned so that they crossed in the zero field region. When the
laser diode was used for trapping, the beam diameter was around 4 mm and when the Ti:Sapphire was
used, the beam diameter was about 25 mm.

The number of trapped atoms in our MOT was inferred by monitoring the absorption of our 917
nm probe. The traces taken as the probe was scanned across resonance are shown in figure 5.3 for the
diode laser setup and the Ti:Sapphire laser setup. This reveals several features. First we notice that the
intermediate 6P3/, level was AC Stark splitted, and as a result we observed two resonances for every
final state. In the limit of large splitting one of these resonances can be considered to arise mainly
from the two step process, where the intermediate level is populated by that trapping laser and then
probed. The other resonance is of 2 photon nature, where the final level is excited mainly by the two
photon absorption[63]. The former resonance is incoherent in nature and will henceforth be denoted the
‘incoherent resonance’ whereas the latter is coherent and will be called by this name in the following. We
were also able to resolve the hyperfine structure of the 6 D5/, state, and indicated on the figure are the
F =5 — F' = 4,5,6 hyperfine transitions. Because of the large AC Stark splitting the 2 step peaks of
the F’ = 4, 5 transitions merged together with the two photon peaks of the F’ = 5,6 transitions. Finally
using the cross section for absorption of light on resonance estimated by o = A\ /27, where A is the
wavelength of light, together with the size of our trap, which could be measured with our CCD cameras,
we could obtain an estimate of the density of atoms in our trap from the optical depths of figure 5.3.
This was done using the definition of the optical depth, ae = opl, where £ is the size of our trap and p is
the density of atoms in the 6P/ (F = 5) state, and the results are shown in the table below

Trapping laser Diode | Ti:Sapphire
Optical depth 0.05 1.78
Size [mm] 1.5 7
Density [cm 7] 2x108 2x10°
Number of atoms | 4x10° 4x108

From the table it is clear that we gained tremendously in terms of optical depth by increasing the
power of the trapping laser an order of magnitude together with going to the more economical six beam
configuration.

No attempts were made to measure the temperature in the MOT, since it was virtually irrelevant to
the experiments presented in this thesis. All we required from the MOT was a Doppler free target, and
this is certainly fulfilled to a very good extent at typical MOT temperatures.

As a final curiosity to conclude our trap characterization, we discovered that even though our atoms
were pumped only with infrared light, the MOT emitted a faint blue light. This was attributed to the
small branching ratio (~0.1%) of the decay from the 6Ds/5 level to the 7P5/, level. The latter could
freely decay to the ground state emitting light at 456nm. For a color picture of this feature the reader
is referred to figure 7.9 or to the front page of Optics Express Vol. 2 No. 3 (1998). This can be found
on the WWW at http://epubs.osa.orq/opticsexpress/v2n3cur.htm. The picture is in true colors and was
taken with 10 minutes exposure of a standard photographic film, while the probe laser was locked on the
two photon resonance.

5.3 Polarization Squeezing

With the goal of resolving how to achieve sub- shot noise performance of the PI, we now turn towards
the contribution 6%,y in eq. (5.10). In order to reduce this quantity we needed to apply a nonclassical
polarization state in our PI. Several proposals on how to produce such a state has been put forward.
These include x©®) mixing processes[64][65], but the higher nonlinearity makes the x?) processes more
attractive[66][67]. Having our tunable squeezed light source available, we chose to follow the example
of ref. [68], where more control on the parameters, governing the quantum noise reduction, is possible.
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In the basis of PBS1 (figure 5.1) we measured the intensity difference between light polarized +45° and
-45° relative to the horizontal axis of this polarizer. From classical optics we find that this quantity is
described by means of the Stokes parameter s1[29]. It turns out that a set of Stokes operators analogous
to the classical quantities can be defined in terms of the quantum mechanic field operators. Describing
the horizontally polarized part of the probe field with the operator ¢, and the vertically polarized part
by ¢y, the Stokes operators can now be written as[69]

S1 clcy + CLCm
sy | = —ilcle, — czcm) (5.12)
S3 clcz — chy

As mentioned above s; describes the intensity difference between light polarized +45° relative to our
polarization analyzer. sy is describing the intensity difference between o0~ and o polarized light, which
is a measure of the ellipticity of the polarization state, and obviously s3 is the intensity difference between
horizontal and vertical linearly polarized light. The operator triplet (5.12) is closely related to the photon
spin, and obey the angular momentum algebra

1 1 1. )
ksj, 554 = SiEjkist, gk, 1 =1{1,2,3} (5.13)
where €y, is the Levi-Civita symbol. For ¢, being a strong coherent state, we ignore the quantum
properties of this field and furthermore choose it as our phase reference. In this case the Stokes operators
simplify to

S1 CX(¢)
s2 | = CX(¢p—7/2) (5.14)
S3 cle, — C?

where C' = (¢,) = (c}) is the coherent amplitude of our probe and X (¢) = ae~**+a'e? is the quadrature
phase component horizontally polarized input to PBS1, which is in phase with ¢,. For a vacuum state
the phase ¢ is uninteresting, since such a state is symmetric in phase space. If however the field a is a
squeezed state, as we will see, the phase ¢ controls whether our PI is performing better or worse than
the standard quantum limit. In our case only the expectation value of s3 is nonzero, and in terms of
our photon flux, we find it to be (s3) = —C? = —iy for a vacuum input along the x axis. Having the
commutator (5.13) at hand we can now write up the Heisenberg uncertainty relation for the variances of

the Stokes operators s; and s

(os3) (653) > i3 (5.15)
Here we note that (5.15) is consistent with the Heisenberg uncertainty relation (2.5) for the quadrature
phases X (¢) and X (¢ — m/2), since (6s7) (6s3) = i§ (6X?(¢)) (6X*(¢ — m/2)). This implies that if the
quantum state of our probe is a minimum uncertainty state, the equality sign in (5.15) applies. Equation
(5.15) tells us that for a classical state we cannot define the direction of the polarization vector better
than the standard quantum limit, which is set to 1 in our case. Since so describes the ellipticity of
our polarization, we can draw the same conclusion for this quantity. However if we inject a squeezed
state polarized along the x axis through PBS1, we can, by controlling the phase of this state relative
to the phase of the coherent state reduce the quantum fluctuations in the probe polarization angle at
the expense of a strongly fluctuating ellipticity of the probe polarization. Fortunately our balanced
detection method is insensitive to the ellipticity of the polarization, and we can obtain a performance
better than the standard quantum limit in our PI. If a quarter wave retarder was inserted after PBS1,
we would become sensitive to the ellipticity of the probe polarization, and consequently the phase, ¢, of
our squeezing would have to be shifted 7/2 in order to achieve quantum noise reduction.

To summarize, the contribution to our signal noise from the polarization angle jitter is given by

<§(cm —|—Cl)2>

4i36025hN = 4it2) 2
Cy + C;r/>

= (857) = io (6X7(¢)) =0 (1 - S) (5.16)
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Figure 5.4: The noise of the PI. (A) With blocked OPO. (B) With squeezed input and scanned phase.
(C) With squeezed input and locked phase. (D) With blocked probe. The phase was scanned at a 17 Hz
rate and the probe contained 1.5 mW of optical power.

where S is the degree of squeezing left in the probe in front of the detectors.

5.4 Sub- Shot noise polarization spectroscopy

With our polarization interferometer ready together with our cold atoms in the MOT, we now combined
the two setups with the tunable squeezed light source, described in the previous chapter, with the goal of
demonstrating polarization spectroscopy with nonclassical light. The entire experimental setup used for
this purpose is shown in figure 5.1. For this experiment we used the diode laser to provide the trapping
beams, and consequently the optical depth of the MOT was much less than 1.

As mentioned earlier our atomic signal was enhanced by modulating the intensity of one of the
trapping beams and thereby the atomic properties. This complicated the stabilization of the relative
phase, ¢, between the squeezed vacuum and the LO as they were merged together on PBS1. We wanted
to lock ¢ to the point where the quantum noise of the probe was minimized, however this required that
only this noise was observed, which was not the case when the probe was resonant with the atomic
transition. This problem was overcome by monitoring the noise of the photocurrent a few hundred kHz
away from the atomic modulation frequency. Since the modulation bandwidth of the atoms was narrow,
only probe quantum noise was observed at this frequency, and a voltage proportional to the noise power
could be generated. By means of a lock-in amplifier (LIA) and standard dither and lock technique, the
phase could now be locked and a polarization squeezed state obtained.
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In figure 5.4 the noise characteristics of the polarization interferometer in the absence of atoms is
displayed. Trace (A) marks the shot noise level, which was obtained by blocking the squeezed input to
PBS1. In (B) the phase ¢ was scanned and we observed the transition from a quantum state with a
well defined polarization angle to a state with a well defined ellipticity corresponding to sub- and super
shot noise performance respectively. Trace (C) is the probe noise with the phase locked to the minimum,
this was 3 dB below the shot noise level, corresponding to 50% quantum noise reduction. Finally trace
(D) indicates where the electronic noise level was located. With the 1.5 mW probe power used for these
traces, we observed that the shot noise level was 16 dB above the electronic noise, meaning that our
measurement was indeed limited by the optical noise of the probe. Unfortunately our squeezing was
worse in this experiment than in the experiment described in the last chapter. The reason for this was
lack of nonlinearity in the OPO probably due to deterioration of the crystal, which was kept at the high
temperature of 130°C over several months. The squeezing balance of this experiment was as follows

Finite frequency of the measurement 0.94
Quantum efficiency of the photodiodes 0.995
Propagation losses from OPO to detectors | 0.90
Homodyne efficiency on PBS1 0.982
OPO escape efficiency 0.88
Finite OPO gain of the OPO 0.80
Finite bandwidth of the phase lock 0.90
[ TOTAL [ 051 |

The total noise reduction amounted to 0.51 corresponding to -3.1 dB, which is in good agreement
with the observed -3 dB in figure 5.4.

Now the trapping laser was turned on and the MOT formed in the path of our PI. The probe frequency
was scanned across the 917 nm atomic resonance in order to observe the polarization noise due to the
modulated atoms. According to the theory from the previous sections, our spectrum analyzer signal, W,
around the RF frequency Q2 would look like

I'2/4 T )2 (5.17)

. .2
\IJ(Q)—QloB(l S)+47’0 <§162+F2/4+§2(52+F2/4
Here we have assumed that the bandwidth of the atomic modulation is much smaller than the RF
bandwidth of the spectrum analyzer, B, which in turn has been assumed to be much smaller than the
bandwidth of squeezing. This means that the latter can be assumed to be constant over the frequency
span B. In figure 5.5 the observed signals are shown (A) with a polarization squeezed probe and (B)
with a probe in the coherent state. The noise floor limiting the polarization squeezed trace was 2.3 dB
below the shot noise level corresponding to a value of § = 0.41. This was a bit less squeezing than
without the atoms present, but due to the complexity of the experiment is was difficult to keep all the
parameters constant over several hours. With the coherent state probe, we found the signal peak to be
located 2.3 dB above the shot noise level, this corresponds to a signal to noise ratio of 0.7. By applying
our polarization squeezed state in the PI, the probe noise level was reduced and consequently the signal
peak was now 3.8 dB above the noise floor and as a result the signal to noise was increased to 1.4, that
is, a factor of 2. Ideally the improvement in the signal to noise should be (1 —S)~! = 1.7, but again due
to a fluctuating atomic signal we found an 18% discrepancy.

The resolution bandwidth, B, of the SA was 100 kHz, and adapting our theory (5.17) to the squeezed
trace, we found the values io€3 = (3.8 4 1.0) kHz and ig&3 = (30+4) kHz. Clearly the modulation of the
refractive index associated with £, was transferred more eflicient to the probe than the modulation of the
absorption, described by &;. This can be understood by means of a symmetry argument. The modulated
trapping beam was almost copropagating with the probe (there was about a 20° angle between them).
According to the discussion above, the probe was sensitive to linear dichroism and circular birefringence,
but since the trapping beam was o polarized, no preferred transverse direction was available, and the
induced transverse linear dichroism due to this beam had to be small. On the other hand the atomic
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Figure 5.5: The polarization spectroscopy traces. (A) With a 2.3 dB squeezed probe and (B) with a
coherent state probe. The best fit to our theory is shown as the dashed line. The improvement in signal
to noise due to the reduced quantum noise was found to be a factor of 2.

orientation due to this trapping beam was large, and so was the induced circular birefringence associated
with £5. The tails of the theoretical atomic signal shown as the dashed curve in fig. 5.5 are seen to be
too long, which is because our theoretical model is somewhat oversimplified. A more detailed treatment
of the modulated two photon transition will be given in the next chapter.

5.5 Conclusions

In summary we have characterized our Magneto Optical Trap, and found the optical depth on the
probe transition to improve drastically from 0.05 to 1.8 when the stronger Ti:Sapphire laser was used
for trapping instead of our diode laser. The density obtained was about 10° cm ™3, which for a cloud
of 7 mm diameter corresponded to about 10® trapped atoms. The strong absorption in the MOT
using the Ti:Sapphire laser turned out to become important for a later series of experiments, however
when a squeezed probe was applied, a small absorption was desirable in order to preserve the quantum
correlations.

In terms of the polarization spectroscopy on our trapped atoms, we saw that the polarization interfer-
ometer is sensitive to linear dichroism and circular birefringence. We derived a simple theory describing
how to achieve sensitivity beyond the standard quantum limit in the Polarization Interferometer. This re-
quired the overlapping of a coherent beam with squeezed vacuum of a polarizing beamsplitter. Choosing
an appropriate phase between the two beams, we showed that either the fluctuations in the polarization
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Figure 5.6: The setup used for magneto optical trapping. In the center is the vacuum chamber with the
ion pump on the right maintaining a vacuum around 10~® torr. Around the chamber the anti Helmholtz
coils can be seen. These are producing a quadrupole magnetic field with a gradient around 10 Gauss/cm
in the center. Two trapping beams are entering the chamber perpendicular to the large viewports and
the residual four trapping beams are going diagonally through the chamber in the plane orthogonal to
the first two beams.

angle or in the ellipticity of the polarization could be reduced. Assuming that our trapped atoms could
be described as a simple three level ladder system, we worked out an expression for the shape of the
atomic signal, which could be fitted to our traces with a reasonable agreement.

The degree of squeezing achieved in this experiment was not as convincing as in the last chapter. This
was mainly due to a worse performance of our OPO as a result of reduced nonlinearity in the nonlinear
medium. A quantum noise reduction of -3 dB was achieved in the PI without any atoms present. At
the time of the spectroscopy experiment, only -2.3 dB squeezing was left in the probe, however this
was sufficient to demonstrate atomic polarization spectroscopy with a nonclassical probe for the first
time[11][10]. The signal to noise ratio was increased with a factor of 2 due to the reduced quantum noise
of the probe. Finally we found that due to the geometry of the experiment, the modulation of the index
of refraction was about 8 times more efficient than the modulation of the extinction coefficient.

This chapter has dealt with the quantum noise associated with the spectroscopy on an optically thin
medium. Here we benefitted a lot from squeezing the quantum fluctuations of the probe. In the chapters
to follow we will investigate the quantum as well as classical noise associated with the spectroscopy
on denser media. In this case intrinsic quantum noise of the atoms becomes important, and hence we
will focus our attention on the atomic fluctuations in chapter 7 and ways to reduce this noise will be
indicated.



Chapter 6

Modulation spectroscopy on a MOT

So far we have considered mainly the noise contribution to our spectroscopic signal coming from quantum
noise of our probe. The next two chapters will be devoted to describing experiments, in which the atomic
noise contributions to our signals were explored. In this first chapter we will focus on classical atomic noise
arising as a result of the interaction of the atoms with miscellaneous external modulation sources. These
could for instance be the modulation of the atomic dipole moments due to an amplitude or frequency
modulated driving field, or the effect of an oscillating external magnetic field causing modulation of
the Larmor precession of the atomic spins. Common for these kinds of modulation is that all atoms in
the ensemble experience the same external modulation, that is, the modulation effect is collective and
coherent and henceforth we will call the noise from these processes technical. This stands in contrast
to the quantum noise of the atoms, which in general is individual and uncorrelated fluctuations of the
relevant atomic parameters. In analogy with the quantum noise of light the quantum noise of atoms can
be considered to be the effect of a set of Heisenberg uncertainty relations imposing certain restrictions
on the precision with which one can measure two noncommuting atomic observables such as different
angular momentum components.

First the motivating issues underlying this experiment will be outlined, then the experimental setup
will be presented. Then the results of the absorption spectroscopy of the MOT will be presented to-
gether with a comparison to a three level model. This will be followed by the results of the modulated
polarization rotation spectroscopy on the MOT, which again will be compared to the three level theory.
Finally modulation spectroscopy utilizing the phase noise of a semiconductor laser will be demonstrated
and the chapter will be summarized.

6.1 Motivation

In order to achieve high sensitivity in atomic spectroscopy it is common to use a modulated probe
containing either AM or FM sidebands at some radio frequency 2[41][70]. This technique is useful when
the signal to noise ratio is limited by white or broadband noise sources such as the shot noise of light,
thermal noise of the detector electronics etc. The contribution of such noise sources to the signal is
basically set by the bandwidth of the measurement, B. The externally applied modulation can have
a very narrow bandwidth, meaning that the atomic signal can be compressed into a small frequency
window. Since the noise picked up in a measurement is proportional to B, the signal to noise ratio is
easily shown to be proportional to igM? /2B, where i is the probe photon flux and M is the modulation
index. Taking the photon flux to be 10 s~1, M = 0.1 and B = 100 kHz, we find the signal to noise
to be enhanced by 102 as compared to the DC measurement with the same bandwidth. For the latter
the signal to noise will go as 1/io/2B. More important is that the massive 1/f technical noise, which
has been ignored so far, will contribute to the DC measurement, whereas it becomes insignificant if

53
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Figure 6.1: The setup used for modulation spectroscopy in a MOT. A diode laser was providing the
trapping beams for the MOT and the modulation was produced by modulating the diode laser current.
A standard polarization interferometer was used to probe the upper transition and the photocurrents
could be either summed or subtracted by a hybrid junction. The noise power of the resulting current at
the modulation frequency 2 was analyzed in a spectrum analyzer. The polarization interferometer was
driven by a Ti:Sapphire laser. The insert shows the three level model used to describe our results.

the frequency (2 is chosen sufficiently high. These issues make modulation spectroscopy very attractive
whenever weak signals of any kind are to be detected.

In spite of this beauty and simplicity of modulation spectroscopy there are still some pitfalls to avoid
when using this technique. In general the modulators needed for such experiments are expensive devices
which may reduce the attractiveness of the scheme. Furthermore it is not a trivial task to make for
instance an electro optical modulator produce only FM and no AM[71], and if one succeeds thermal
drifts of the modulator crystal will probably cause the need for adjustments after a few hours. At best
the AM component of the modulation will enter the spectroscopic signal as a broad background making
it impossible to reach the shot noise limit and at worst it will obscure the atomic signal itself and cause
additional complications when one has to extract the information from this signal. The same effect is also
encountered if the probe has to propagate through dispersive elements such as beamsplitters, windows,
retarders etc. all of which are common in optical experiments.

In the experiment described below, modulation spectroscopy was performed on the two photon tran-
sition 651 /2(F = 4) — 6P3)5(F = 5) — 6D5,5(F = F’) in Caesium. The Cs atoms were trapped in
a MOT, and in contrast to conventional modulation spectroscopy, as indicated above, the cooling laser
resonant with the 65 5(F = 4) — 6P3/2(F = 5) transition was modulated instead of the optical probe
resonant with the 6P5/o(F = 5) — 6D5,5(F" = I) transition. As a result the atoms themselves were
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modulated via the dipole moment induced by the trapping laser, and this modulation was transferred
to the probe by means of the atomic third order nonlinearity. Obviously this technique would not suffer
from the above mentioned deleterious problems in standard FM spectroscopy, however we had to pay the
price of understanding the somewhat more complicated atomic lineshape arising from the indirect way
of modulating. This type of spectroscopy lent us excellent insight to the noise properties of our trapping
laser and the influence of this laser noise on the atomic quantum noise. This issue will be treated in
higher detail in the next chapter.

6.2 The setup

The setup used in this experiment resembled the scheme used in the previous chapter quite a lot. The
major difference was that no nonclassical light was needed for this experiment and hence the optical
part of the setup was somewhat simplified. The MOT was made up by 5 trapping beams of which 2
were counterpropagating and the remaining 3 beams were propagating in a direction 120° relative to
each other in the plane orthogonal to the two counterpropagating beams. The trapping beams were
provided by an SDL 5401 semiconductor laser stabilized by an external grating and frequency locked to
the 65, /2(F = 4) — 6P5,5(F = 4,5) crossover resonance. The detuning of the trapping laser relative to
the transition frequency could be tuned by means of an acousto optic modulator inserted in the path of
the light for the frequency lock. As shown in the last chapter the trap parameters in this configuration
was a density about 10® cm™2 with a total of about 10% atoms in the cloud. The modulation yielding
the spectroscopic signal was produced by modulating the trapping laser driving current with a /27 = 3
MHz sine wave. In fact the same modulation was used to lock the laser to the Cs transition by means of
FM absorption spectroscopy. Like in the last chapter the trapped atoms were probed with a polarization
interferometer made up by two Glan Thompson prism polarizers (PBS1/2) and a half wave retarder
(A/2). The probe beam was produced by a single frequency Ti:Sapphire laser (Microlase MBR-110),
which could be scanned up to 1 GHz around 917nm at a 3 Hz repetition rate. The two photocurrents
coming from the pin silicon photodiodes (PD1/2) could be either added or subtracted in a hybrid junction
(HJ) and the resulting RF current was fed into a spectrum analyzer (SA) where the noise power at {2 was
monitored. In the case of subtraction of the photocurrents the balancing of the detectors was typically
better than 30 dB. The probe intensity was around 10mW cm~? and with the corresponding power the
probe was shot noise limited at frequencies higher than 2.5 MHz. Depending on whether the sum (i) or
the difference (i_) of the photocurrents was monitored we gained information about different properties
of the ensemble of trapped atoms. The sum, i, simply gave us information about the absorption of
the 917 nm probe whereas latter described the deviation from a spherical state of the collective atomic
angular momentum according to the discussion in section 5.1.2. The setup is shown in figure 6.1. Two
types of modulation experiments were performed. In the first kind the modulation was applied externally
to the diode laser drive current and in the second kind the intrinsic phase noise of the diode laser was
used directly to modulate the atoms.

6.3 Modulated absorption

6.3.1 Experiment

When modulating the driving current of a diode laser operating in a stable mode well above threshold,
the main impact is a resulting modulation of the laser frequency rather than the amplitude[72]. However
the laser amplitude is also modulated at bit. In our case the strength of the FM was measured by sending
the laser output through a scanning cavity and measuring the size of the 3 MHz sidebands relative to the
carrier. This ratio was found to be 15%, which can be converted into the phase modulation index, M, by
inverting the Bessel function J; (M)[73], to give M = 0.31 rad. The corresponding frequency modulation
index is 0.15 MHz. The AM of the laser output was measured to be smaller than 5%, but this was of
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Figure 6.2: The MOT absorption signal for various trapping laser detunings, A. The AC Stark splitting
dv is measured for each detuning and the crossing of the straight line of 6% vs. A2 with the vertical axis
yields 4x? , where y is the Rabi frequency. The traces were taken with Resolution BW of 100 kHz and
Video BW of 100 Hz.

less importance since the trapping transition was heavily saturated, meaning that small changes in the
trapping laser power would mean very little to the atomic dynamics.

Let us first focus on the absorption signal obtained by recording ¢.. Typical traces for various values
of the trapping laser detuning, A, are shown in figure 6.2.  Looking first at the A = 7 MHz trace,
we clearly see the hyperfine splitting of the 65,5 state. The transition to the F’ " = 6 state is seen to
be the strongest in agreement with standard theory[74]. This tells us that the ratio of the transition
probabilities for exciting from 6P;/5(F' = 5) to 6D5,5(F") and 6Ds55(F") is given by

, F o1 F
wE -y O “){ 32 7/2 5/2 }
W(F—F) o1 F )’

(2F “){ 3/2 7/2 5/2}

where we have used that 33Cs has nuclear spin 7/2 and we have neglected the relatively small energy
splitting between the hyperfine levels in the final state. For F/ = 5 and F” = 6, this ratio is 77/325,
which must be squared since we record the noise power. Finally we end up finding that the F’ = 5 peak
must be 12.5 dB lower than the F” = 6 peak in good agreement with fig. 6.2. Similarly we find the
F’ = 4 peak to be located 29.8 dB below the I/ = 6 peak. In order to check this ratio a better signal
to noise ratio than provided by fig. 6.2 is needed.

(6.1)
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Because of the strong pumping field coming from the trapping laser, the intermediate 65/, state
displayed Autler Townes splitting. In this case we could consider the total transition from the 65 /o(F =
4) ground state to the 6 D55 final state to have two contributions, one coming mainly from the coherent
two photon excitation and another coming from the incoherent two step excitation[63]. This distinction
between coherent and incoherent excitation can only be made unambiguously in the limit of large trapping
laser detuning. The two processes corresponds to different resonance frequencies of the probe, and hence
we see the incoherent peak at negative probe detunings and the coherent double peak can be seen close
to zero probe detuning. It should be mentioned here that the absolute probe detuning has been chosen
to be zero at the F” = 6 coherent peak in all the traces. Intuitively we expect the coherent peaks to
be centered around zero two photon detuning, A + § = 0, whereas the incoherent peaks are expected
to be found at zero probe detuning, 6 = 0. Because the role of the FM of the trapping laser is mainly
to modulate the detuning on the lower transition, the coherent peak splits into two peaks analogous
to standard FM absorption spectroscopy. However the incoherent peak is shifted much less from its
unperturbed position due to the detuning and hence the splitting of this peak is less pronounced.

By measuring the Autler Townes splitting, dv, as indicated on the A = 3 MHz trace, and doing this
as function of the trapping laser detuning, we were able to infer the Rabi frequency, y. Again standard
theory[63] tells us that plotting 62 vs. A? should give us a straight line with a crossing of the vertical
axis at 4y2. This is shown in the last plot of fig. 6.2. From this we find the Rabi frequency to be
X = (7.5 £0.1) MHz corresponding to 1.4 linewidths (y; = 5.3 MHz) of the 65,/ — 6P3/, transition.
The variation of the size of the absorption signals as the detuning was increased was simply due to
the change in the cooling force confining the atoms in the MOT. Given the intensity of the trapping
beams there exist a detuning which optimizes the number of trapped atoms, and in this particular trap
configuration the best detuning was around 7 MHz.

6.3.2 Modelling

In order to simplify the description of our physical system, we neglect the Zeeman degeneracy and
consider it to be a three level ladder configuration. Labeling the ground state |1), the intermediate state
|2) and the final state |3), we seek to find the density matrix element ps, governing the absorption of
the probe. Following ref. [63] we find first py; and poq to first order in the Rabi frequency of the lower
transition, x;, and then we use these to obtain p;, to second order in x and first order in the upper
transition Rabi frequency. With p3, at hand we easily find the complex linear susceptibility, X, around
the probe frequency to be

s(n+7) =8
(A2 4+ 377 +2x2] [(572 = A = 8) (6 — $(v1 +72)) +x2]

Here we have assumed collisional decay to be negligible as compared to the spontaneous decay rate. v;
is the decay rate of level 2 and 7, is the decay rate of level 3 to level 2 as illustrated in the insert of
fig. 6.1. The decay from level 3 to level 1 has been assumed to be forbidden. Finally we have defined §
as the probe detuning and C as a scaling factor depending on the detection system. The absorption is
described by the imaginary part of X whereas the dispersion is described by the real part. As we shall
see in the next section, X, will dominate the lineshape of the polarization rotation traces. Equation (6.2)
applies only to the DC absorption, however in the limit of a low modulation frequency the atoms will
follow the modulation adiabatically and we can readily find the lineshape from (6.2) in this limit. In our
situation the modulation frequency of /27 = 3 MHz was indeed comparable to the atomic decay rate
of 5.3 MHz, but the full density matrix calculation including all 33 levels involved in the transition[75]
has shown that the main effect of the breakdown of the adiabaticity is to broaden the line. For a weak
modulation the optical power transmitted through the MOT, iy, is given by

X=X, +iX; =0\ (6.2)
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Figure 6.3: Comparison of our three level theory with the experimental trace for A = 7MHz. The main
difference is found in the linewidths. The (thin) theoretical line is about 2.5 times more narrow than the
(thick) experimental line.

where ig is the initial power, A is a constant, M is the phase modulation index and (2 is the modulation
frequency. The signal, ¥, recorded by the spectrum analyzer is the square of the component of (6.3)
oscillating at the frequency 2, that is

0A

Taking the imaginary part of (6.2), differentiating it with respect to A and squaring we obtain the
thin curve in figure 6.3. The analytical form of the curve is rather lengthy and will not be given here.
In fig. 6.3 we have used equation (6.1) together with the hyperfine splitting measured in ref. [56] to
include the F' = 4,5, 6 hyperfine levels in the 6 D5/, state. We find a good qualitative agreement between
the theory and the experiment, the relative size of the hyperfine resonances is obviously well described
by (6.1). We find however serious discrepancies in the linewidths of the two traces. The experimental
trace is about 2.5 times broader than our theory. According to the more elaborate calculations presented
in ref. [75], the breakdown of our adiabaticity assumption results in a linebroadening of a factor 1.8.
The physical reason for this is simply that the atomic dynamics cannot follow the fast fluctuating laser
frequency. As a result the linewidth of the two photon excitation will acquire a contribution from the
trapping laser frequency fluctuations and hence broadening occurs. In general linebroadening is often
encountered in MOT spectroscopy. This includes DC absorption spectroscopy[76] as well as modulation
spectroscopy[54]. There could be various reasons for this, such as Zeeman broadening due to the finite
size of the trap, inhomogeneous strength of the trapping laser field across the trap etc. To reach the

2
W(Q) = 612 o= % <A5Xi MQ> (6.4)
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Figure 6.4: (a) The polarization rotation signal for a well balanced MOT and (b) for the unbalanced
MOT. The modulated absorption signals shows that the number of trapped atoms in the two cases are
approximately the same. The polarization rotation signal is found to be 10 dB larger for the poorly
balanced trap than for the ’good’ trap.

natural atomic linewidth in MOT spectroscopy it is necessary to turn off the trapping lasers as well as
the magnetic field while probing the atoms.

Another discrepancy between the experiment and theory is found in the relative size of the two peaks
making up the coherent resonance. Again this is attributed to the limitations of our simple model, which
does not include the rapid modulation and the Zeeman degeneracy.

To summarize, we have been able to perform probe shot noise limited modulation absorption spec-
troscopy on a MOT, but have paid a price in terms of complicated lineshapes and significant linebroad-
ening. No effects of additional background noise as a result of the modulation were found. This could
easily be checked by comparing the probe noise with the trap present to the noise when the trapping
laser was blocked. The signal to noise of our spectroscopy was about 500 and could be improved by
increasing the probe power and/or the modulation index of the trapping laser. This ratio should be
compared to the DC absorption, which for this particular trap configuration was about 3% with a signal
to noise ratio close to 1. Using our estimate of 10 atoms in the trap, we can infer that we were sensitive
to about 10* atoms, since this number would give us a signal to noise ratio around 1. Our frequency
resolution in this experiment was about 0.5 MHz, however this could easily be improved to a few kHz by
locking the probing laser to the two photon transition and scanning its frequency by means of an acousto
optical modulator. Because of the relatively broad resonances encountered in this experiment probe laser
stabilization was not relevant here, but in the experiment described in the next chapter stabilization of
the probe frequency as well as its amplitude was crucial.
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6.4 Modulated polarization rotation

We will now turn to look at the modulated polarization rotation signal obtained when analyzing the
differential photocurrent ¢_. In general this signal was found to contain much more structure than the
absorption signals and this complicated the interpretation somewhat. Further complication was added
because the signal depended on the deviation from an isotropic distribution of atomic spins and hence
the lineshape turned out to be very sensitive to magnetic field gradients, trapping light polarizations and
the relative intensities of the different trapping beams.

In order to have the MOT working, the trapping laser beams necessarily had to be balanced carefully
in intensity and polarizations. As a result the collective state of the trapped atoms was rather close to
being spherical and hence the polarization rotation signals of a well aligned trap were orders of magnitude
smaller than the modulated absorption signals. The rapid varying polarization of the trapping beams
across the trap size made a transverse aligned atomic ensemble unlikely, and henceforth we will assume
the polarization rotation signals to be caused by the longitudinal orientation. As it was shown in section
5.1.2 only these two effects can give contributions to the polarization rotation to the lowest order in the
anisotropy.

Figure 6.4 shows the modulated polarization rotation signal with a well aligned and well balanced
trap (a) and the corresponding signal with a trap where the trapping beams (almost) copropagating
with the probe were given different optical powers (b). On the left we find the modulated absorption
signals, which are used as a measure of the number of trapped atoms. These two signal differ in size
only by 2 dB indicating that the number of atoms for the two trap configurations is the same within
25%. However the polarization rotation signal for the unbalanced trap was found to be 10 dB larger
than for the balanced trap. The reason for this drastic change is the following. If the atoms are trapped
they must scatter an equal amount of the o+ and o~ polarized photons from the two trapping beams of
interest. If these have different intensities the trap necessarily has to move a bit away from the region
with zero magnetic field in such a way that the Zeeman splitting cancels the intensity imbalance and
the atoms again scatter the same amount of photons from the two beams. When the Zeeman splitted
upper state of the trapping transition is probed, the detuning and hence the index of refraction seen by
the o and o~ polarized components of the linearly polarized probe will be different. According to the
discussion in section 5.1 this will cause a net rotation of the probe polarization. In terms of the modulated
polarization rotation, the Zeeman splitting would result in a different modulation strength of the o and
0~ polarized components which caused a modulated polarization angle of the probe. This is situation
closely resembles the Faraday effect in atoms, where an external magnetic field induces optical activity in
the atomic medium. Although this effect has been thoroughly investigated over the years[77][78][79][80]
our situation is somewhat complicated by the strong trapping beams with a polarization which is not
very well defined.

Since our signal is given by the modulated difference between two indices of refraction, we again
turn to the three level result (6.2), where we now focus on the real part of the susceptibility, X,., which
is responsible for the probe phaseshift. Following the same procedure as for the modulated absorption
signal, we take the derivative of X,. with respect to the trapping laser detuning, A, to get the modulated
signal and square this to obtain the noise power at the modulation frequency. The comparison of our
result with the experimental trace is shown in figure 6.5. Like with the absorption signals we find a good
qualitative agreement between theory and experiment, but again the experimental line is broadened
with approximately a factor of 2 relative to the natural linewidth. Best agreement between theory
and experiment is found around xy = 5.3MHz and A = 9.5 MHz. Qualitatively the lineshape can
be understood in the following way. The DC coherent resonance has the shape of the derivative of a
Lorentzian, when we take the derivative of this curve to model the FM of the trapping laser, we obtain
a "M’ shaped resonance. The incoherent resonance is found from the theory to be single peaked, and
hence the derivative is dispersive like shaped. The M’ and the dispersive shaped signals can interfere
in various ways depending on the Autler Townes splitting before the total signal is squared by the
spectrum analyzer. This results in a variety of complicated signal shapes, which depend critically on
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Figure 6.5: The modulated polarization rotation signal. The experimental trace is plotted with the thick
line and the three level theory is displayed with a thin line. The spectrum analyzer settings were: Res.
BW 100 kHz, Video BW 300 Hz.

the trap parameters. If we take into account the complexity added by the Zeeman degeneracy of the
energy levels involved in the two photon transition and the high modulation frequency, we cannot justify
to use our simple theory for anything but a qualitative comparison. However the similarity of the two
lineshapes in fig. 6.5 confirms our initial assumption that the linear dichroism is indeed a smaller effect
in atoms trapped in a MOT.

The highly sensitive polarization rotation signals may prove useful in future studies of trap dynamics.
For instance on could imagine a tightly focused probe, which could be used to analyze the orientation of
the atoms in different regions of the trap.

6.5 Diode laser phase noise spectroscopy

The compactness and simplicity of semiconductor lasers make them attractive for many applications.
Hence the growth and purification of these devices is a well developed field and consequently it is today
possible to commercially purchase diode lasers covering virtually the whole spectrum from far infrared
to visible light. The output of diode lasers in general possess a very stable amplitude and it has turned
out that it is relatively easy to reduce the fluctuations of this amplitude below the shot noise limit[81].
The applicability of the diode lasers is however limited by the massive amount of noise present in the
phase of the laser output[82][83], which requires rather extensive stabilization systems to reduce[84]. It
has however turned out that this phase noise can be utilized for FM spectroscopy on cavities and atomic
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Figure 6.6: (a) Modulated polarization rotation trace. (b) Polarization rotation with modulation from
the trapping laser phase noise. The thin lines are the results of the three level theory. The traces were
taken with spectrum analyzer settings: Res. BW 100 kHz and Video BW 300 Hz.

systems|[85][86][87], so it seemed natural for us to utilize the phase noise of our trapping laser to generate
the modulation for our polarization interferometer.

The phase noise of a diode laser similar to our trapping laser has been characterized in ref. [83], and
here it was found to extend way above 40 MHz (this was the limit of the detector) and probably into
the GHz region. For optical powers of tens of mW the phase noise was typically 60-80 dB above the
shot noise limit in the MHz region, this was certainly comparable to the power of the externally applied
modulation.

The experiment was performed like the above described modulated polarization spectroscopy except
now the external modulation was tuned away from the detection frequency of 3 MHz. A trace recorded
with the diode laser phase noise is shown in figure 6.6 (b) and in (a) is shown a trace taken with external
modulation for comparison. Looking at the two traces we immediately see that they have the same shape,
meaning that our diode laser phase noise indeed has the same effect on our signal as the externally applied
FM. The phase noise was however not as strong as the external modulation, and hence the phase noise
signal is seen to be 6 dB smaller than trace (a). In order to identify the peaks, the three level theoretical
trace has been added to both plots and we find a reasonable qualitative agreement. As usual the MOT
signals are about a factor of 2 broader than the natural linewidth, but it is still possible to compare the
theory to the experiment. Both theoretical traces have been generated using the parameters A = 6.9
MHz, x = 12.2 MHz, v, = 5.3 MHz and 7, = 3 MHz, but the overall amplitude of trace (a) is 4 times
larger than for trace (b). In both traces we easily recognize the triplet from the coherent excitation to
the 6D;5/5(F = 6) state around 20 MHz and at -5 MHz we find the incoherent doublet associated with
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the same transition. At 50 MHz probe detuning we find the coherent resonance from the excitation to
the 6 D5/ (F = 5) level, however the size of this is too small to allow us to resolve its structure. A general
problem encountered when applying the three level theory to the polarization rotation case was that the
smaller hyperfine resonances differed substantially in size from the ones experimentally observed. The
reason for this could be that the difference in the modulation of the refractive indices for ¢+ and o~
polarized light depends on the hyperfine level of interest. In our three level theory we have assumed that
response of the different hyperfine transitions to the modulation is simply proportional the transition
probability as described by (6.1).

6.6 Summary

In this chapter we have shown how to perform highly sensitive modulation spectroscopy on a MOT
by modulating the trapping laser sustaining the MOT instead of the probe. This had the advantage
over modulating the probe that we easily became probe shot noise limited without the complication
of eliminating background noise due to dispersion in optics and AM components in the modulation.
However we had to pay the price of understanding the more complicated spectroscopic signals arising
from a modulated two photon transition with one strong and another weaker field. Towards this end
our oversimplified three level theory was successful on a qualitative level, but it failed to describe the
excessive linewidth observed in the experiment. By comparing to the more elaborate theory including
the Zeeman sublevels we found the increased linewidth to partly due to the high modulation frequency,
which was comparable to the natural atomic linewidth. As a result the atomic dipole moment was unable
to follow the frequency modulation adiabatically as it was assumed in our theory and hence the line was
broadened relative to the natural linewidth.

Our setup with a polarization interferometer around the MOT gave us the possibility of measuring
both the modulated absorption and the polarization rotation due to the trapped atoms. Both signals
were limited by the quantum noise of the probe together with the electronic noise of the detectors.

The absorption signals were typically 25-35 dB above the noise floor whereas the polarization rotation
signal never became larger than 20 dB above the background. This was found to be due to the symmetry
of the MOT which ideally did not allow for deviations of the collective atomic state from a spherical
state. Hence if highly sensitive spectroscopy should be performed on a MOT, the modulated absorption
must be preferred over the polarization spectroscopy. In our setup we were sensitive to the absorption
coming from roughly 10* trapped atoms. The polarization spectroscopy may however prove useful in
other areas of laser cooling and trapping. The signal size and shape of the latter was found to be highly
sensitive to the alignment and intensity balance of the trapping beams and hence it could be used in
studies of trap dynamics.

Finally we demonstrated how the intrinsic phase noise of the semiconductor trapping laser could be
used to generate the same kind of modulated polarization rotation signal as the externally frequency
modulated laser. Although this phase noise was observed to be very strong it did not produce the same
signal size as when an externally modulated trapping laser was used.

The trapping laser noise turned out to become very important for the outcome of the experiment
described in the following chapter. Here the quantum noise of the atomic spin in the intermediate
6P3/2 (F = 5) state was investigated and found to be very sensitive to the stability of the trapping laser.



Chapter 7

Quantum noise of the Atomic Spin

In the previous chapter the behavior of the technical atomic spin noise was investigated through the
modulated polarization rotation spectroscopy in an optically thin medium of trapped atoms. In this
chapter we will take this investigation one step further. Whereas the spin noise was used before in
spectroscopy to infer intrinsic properties of the trapped atoms, we will in this chapter address the
properties of the spin noise itself. Our investigation will include the more fundamental quantum spin
noise as well as the technical spin noise. As we shall, see the atomic spin noise can become an important
limiting factor to the sensitivity when one is probing optically thick media where the noise power can
become comparable to the probe shot noise.

In an optical probe experiment the atomic spin noise can be considered to have two contributions,
one coming from the fluctuating number of atoms inside the probe volume and another coming from the
decay of the spin. Obviously the first contribution depends on the atomic mean velocity and hence it is
temperature dependent. Therefore these fluctuations are usually called thermal but they are indeed fluc-
tuations of the probed atomic spin and they display the same signatures as the second contribution which
will be described in more detail below. The thermal fluctuations have been examined experimentally in
ref. [88] as well as theoretically in refs. [89],[90]. Typically the frequency of the thermal fluctuations is
in the kHz regime for a vapor at room temperature and for an ensemble of cold trapped atoms these
fluctuations were unimportant at the frequency where we were observing.

In the following we will focus on the second contribution arising from the decay of atoms present in
the probe volume. The spectrum of this kind of spin noise depends on the lifetime of the spin state being
probed. If the spin of the ground state or a metastable state is probed, the spectrum of spin fluctuations
will typically be set by the rate of spin flipping collisions or inelastic collisions respectively. In a hot
vapor or an atomic beam, these fluctuations give rise to a spectrum falling off in the kHz region, whereas
in a MOT the spectrum can become very narrow due to the low collision rate. The spin noise considered
in this work is the noise of the 6P;/5(F = 5) excited state in Cs. This state can decay directly to the
ground state and has a width of 5.3 MHz hence we expect the spin of the state to have a spectrum
with a width of the same order of magnitude. A several MHz broad spectrum of spin fluctuations was
important in our particular setup because we relied on the fact that the technical noise of our lasers was
small at the frequency of the measurement. Throughout the experiment this frequency was 3 MHz.

So far the spin noise of the ground state has been observed in ref. [91], whereas the excited state
spin noise has been treated theoretically in ref. [92] and examined experimentally in a supersonic atomic
beam[93][94] and in an ion trap[95]. Our experiment with trapped neutral atoms had the advantage
over the atomic beam experiment that we only probed the spin fluctuations due to decay, whereas the
beam experiment was sensitive to fluctuations due to the decay as well as the finite transit time of the
atoms through the interaction region. As it will be shown in the next section the quantum spin noise
differ from the technical spin noise in the dependence on the number of probed spins, N. The quantum
spin noise grows like N in contrast to the technical noise which grows like N2. The N dependence was
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shown in the ion trap experiment but with rather poor statistics. A MOT is capable of confining much
more atoms than an ion trap, and hence our experiment held the potential of producing data with better
statistics than the ion trap experiment.

In this chapter we will first outline a simplified model describing the spin noise in a three level V
system. This will serve as to illuminate the most important physics underlying the experiment and fur-
thermore clarify exactly what spin we were probing in our experiment. Then the experimental procedure
will be explained and the results presented and interpreted. Finally we will demonstrate an experimental
situation in which the achieved signal to noise ratio was limited by the atomic quantum spin noise and
the chapter will be concluded by a summary.

7.1 The physics of the Spin Noise

As in the previous chapters the atomic system under consideration here is the 65 /o(F = 4) — 6P3/5(F =
5) — 6D5 5 (F = 6) transition coupled by a strong field on the lower transition and a weaker field on the
upper transition. As we saw in section 5.1.2 the polarization rotation of the probe around the resonance
frequency of the upper transition had two contributions. One coming from circular birefringence in the
trapped atoms and another from linear dichroism. In the experiment described below, the probe laser
was locked to the incoherent resonance of the two photon transition and hence we expected only the
linear dichroism contributed significantly to the polarization rotation. Keeping in mind our detection
scheme where the difference in power between the probe light polarized +45° and —45° was measured,
we obtain the differential photocurrent[11]

i = i(+45) — i(—45) = i%N@'t (T2 - T2,) (7.1)
where ¢ is the atomic absorption cross section for unpolarized light, A is the area of the probe cross
section at the target and N is the number of atoms inside the probe volume. i; = ige™® is the transmitted
power of the probe which is depending on the optical depth of the probe transition, «, and the initial
probe power, ig. The irreducible spherical tensor operators T, describe the transverse atomic alignment
along the axes oriented +45° relative to the x axis. The z axis is taken to be the propagation axis of
the probe. In terms of the atomic angular momentum in the intermediate 6 P32 (F = 5) state the tensor

operators are given by T2, « (F, + iF,)*[96].

In a transition from the ground state, the relation between the polarization rotation angle, 8, and
T?%, for a multilevel system with Zeeman degeneracy can be found in ref. [97] but for our double optical
resonance finding this relation is nontrivial. With the goal of understanding the origin of the spin noise
we will instead consider the simplified system of a lower transition from a F' = 0 ground state toa F' =1
intermediate state. All optical fields are assumed to be weak so that the population in the intermediate
state is small and the probe resonant with the transition between the intermediate state and the upper
state simply reads out the fluctuations of the former. In terms of the density matrix elements p,,, ,,,, (m is
the magnetic quantum number) of a F' = 1 state, the difference between the alignment tensors is simply
T3 T2, o< (py_1 —p_y 1) If we now define a pseudospin J with the components J, = & (p,_ +p_ ),
Jy = —% (p+,_ — p_,_i_) and J, = % (p+,+ — p_V_), where have used the abbreviations p, _ = p; _,
p—._ = p_q, etc., we find that our polarization interferometer setup with the probe being resonant on
the incoherent part of the two photon transition, simply is sensitive to the fluctuations of the pseudospin
component J,. If the linear probe polarization had been rotated 90° to lie along the y axis, we would have
been sensitive to J,, and if the probe had been detuned off resonance, we would have become increasingly
more sensitive to the fluctuations in the atomic orientation along the z axis described by J,. It is however
only in the F' = 1 case that the J, and F, operators almost are identical. It should be stressed here that
the spin noise treated throughout this chapter is in fact the fluctuations of the pseudospin J and not
the real spin F as one could be led to believe from our terminology. The results derived below can in
principle be generalized to an intermediate state with an arbitrary F', however this will not be pursued
further in this work.
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Figure 7.1: On the left is shown the effective V system under consideration. The pseudospin, f, of
the intermediate F' = 1 state is excited by the a4 pump fields. In the limit of weak pump and probe
fields this spin is read out by the probe resonant on the upper transition. The spontaneous decay of the
intermediate state couples the spin to the vacuum modes b4. On the right the polarization interferometer
is illustrated.

7.1.1 Modelling spin noise in a V system

We will now seek to derive the spin noise in our V system by deriving Langevin equations for the density
matrix elements.. For simplicity we assume in our model that no 7 polarized light is present so that
the m = 0 intermediate state is not populated. The starting point of the calculation is the interaction
Hamiltonian

H=hQ (a+ei9+p+0 + p0+e_i9+a1> + hQ) (a_ew‘p_o + po_e_m‘ aT_) (7.2)

which describes the coupling of the m = 0 ground state |0) to the two excited states |+) and |—) having
m =1 and m = —1 respectively. The ground state and the excited state |+) is coupled by the quantum
field a4 having the phase 6, and analogous the other excited state |—) is coupled to the ground state
by the ’—’ field. The decay of the excited states is assumed always to be into the continuum of vacuum
modes b4, and the decay rate is denoted v whereas the coupling constant to the exciting fields is labeled
Q. Our system is illustrated in figure 7.1. We now obtain the Langevin equations for our V system to
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In (7.3) it has been used that p,, +p__ + pyo ~ 1 to eliminate py,. The Langevin equations are only
valid if the individual atoms behave in a uncorrelated way, that is, the light exciting the atoms must be
uncorrelated and the atoms do not interact. In the following we will assume that the fields a4+ are in
coherent states. If we take these fields to have the real expectation values {(a+) = a4 and defining the
saturation parameters

54 = (2%)2041 (7.4)

we find the steady state solutions of (7.3) to be given by

_ T St
fio = e ;: T+2(s; +5_)

Pt = TH3(s; +5) (7.5)
—_ —i(0L—0 N

Prx =€ i0x~0%) T+2(s; +s_)

where we have used that (b+) = (bl) = 0. The mean pseudospin is now found to be

Jo 1 JSrs—cos(0_ —0;)

Jy | =——=— | VEr5_sin(0_—0,) (7.6)
L) 1HAsetso) sy —s-)

It can now be seen that the transverse direction of the mean spin is controlled by the relative phase
between the ot and o~ polarized optical fields. For two independent fields this phase difference is
stochastic and hence the mean transverse spin average to zero. If on the other hand the two fields are
equally strong and come from the same source, for instance a linearly polarized laserbeam, our spin
will be exactly orthogonal to the propagation axis. This is because the pseudospin components J, and
Jy in fact describe the transverse alignment of the atomic medium, and naturally the atoms will align
themselves to the polarization of the pump field with the angle 8 _ — 6 relative to the x axis. To achieve
a mean spin along the z axis different intensities in the two fields are required to produce the longitudinal
orientation as it is seen from the sy — s_ term.

Having solved the steady state problem we now assume that the fluctuations of the atomic parame-
ters and the coherent fields are small as compared to the mean values. In this case we can linearize
the fluctuations of the density matrix elements and the fields around the mean values. Now we Fourier
transform the equations (7.3) to obtain the spectrum of fluctuations. For the dipole moments we fur-
thermore assume the atomic excitation to be small so that we can ignore the fluctuations in the upper
state populations relative to the field fluctuations. As a result we find the following fluctuating part of
the atomic dipole operators to the first order in the saturation parameters

i 1+s —i
6ps0 = — ity | Ty (e =6al + sl ) -
S+S— —i(0+— —i T T
e 007 (Qe 9¥6a$+ﬁ6b$)}

The dipole fluctuations together with the field fluctuations are now inserted in the Fourier transforms of
the equations of motion for ép, ; and ép, - as the driving noise terms, and by using (7.5) we find the
fluctuations in the upper state populations and coherences to lowest order in the saturation parameters
(st < 1). For fluctuation frequencies smaller than the decay rate (w < ) these are given by

$pry = 2./57 [%5}@(0) + %(ﬁﬁ:wﬂ:)}
6pag = 20710 /5% (L6780 + Joobe ) + 267 57 (Lei026al + =50l )

(7.7)

(7.8)
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where we have used the quadrature phase operators

§X+(¢) = bare ™ + bal e®
§Y1 (@) = Sbre ' + 5bl et

With the fluctuations at hand we now use our definition of the pseudospin operators to write up the
variances of the spin components. These are

(872) = 5. s+ () s (6X2(0 — 0.) + 5 (X3 (6 ~0,))]
012) =sy+s+(2) [s4 (5X2(0 — 0 +7/2)) + 5 (6X3(0- — 04 —7/2))] (7.10)
(872) = sy 5+ (2) [s1 (6X2(0)) + 5 (8X2(0))]

(7.9)

Arriving at these expressions we have used that the bandwidth within which the atoms pick up quantum
noise from the vacuum modes is the atomic linewidth 7, and we have normalized the power of our
fluctuations to the vacuum level. It is noted that €2 is the Rabi frequency due to the presence of a single
photon and hence in free space the factor (€/7)? is a very small number. This means that if the a
fields would posses nonclassical features such as squeezing, it would have very little impact on the spin
noise of the atoms unless the coupling is enhanced for instance by making use of high Q cavities[98][99].
Another possibility of altering the spin noise, which is not evident from this treatment, is by absorbing
a squeezed field completely in an atomic medium and thereby transferring the correlations of the light
to the excited state of the atoms[100]. As a result it may prove to be possible to reduce the fluctuations
of for instance J,, at the expense of increased fluctuations in Jy, or vice versa and create a so called spin
squeezed state[101][102].

The s; + s_ terms appearing in (7.10) before the variance of the pumping fields are arising from the
coupling of the excited states to the free space vacuum modes and hence they describe the spin noise
resulting from the stochastic process of spontaneous decay of the excited states. Keeping only these
terms we find the noise of our pseudospin to be isotropically distributed around the mean spin with the
variances

(672) = (8J7) = (6J2) =54 + s (7.11)
Due to the isotropy of the spin noise we will henceforth denote the spin state derived above the Spherical
Spin State. The spin state encountered in a MOT has properties closely resembling this state. Since our
pseudospin obey the angular momentum algebra [J;, Ji] = ejudi, (4, k,1 = x,y,2), we can now check
that the associated three Heisenberg uncertainty relations are obeyed. Using (7.11) and (7.6) in the limit
of weak excitation we find these to be

(8T2)(873) = §(J2)2 = (54 +5-)" = 75 (54— 5-)
(6J2) (8J2) = 1 (Ju)° — (54 +5-)° > 15,5 cos?(0_ —0,) (7.12)
(6J2)(6J2) > & () = (sp +5_) > %s+s sin?(6_ —0,)

It is easy to see that these three uncertainty relations all are fulfilled for any choice of s+ > 0. In fact
we note that with our configuration of the pump fields it is only possible to achieve the equality in the
trivial case when all fields are zero.

7.1.2 Dependencies

Equation (7.11) describes the atomic contribution to the quantum noise of the polarization interferometer,
however if a massive amount of technical noise is present in the trapping laser or the probe, reaching the
quantum noise limit is impossible. Technical noise in the lasers will result in a coherent modulation of
all the trapped atoms. Hence the net atomic noise given by

(8J;) = < <23y>> (7.13)
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will be proportional to the square of the number of atoms because the sum over all atoms of their
individual spin, jl/, is proportional to the number of atoms, V. In the case of quantum spin noise the
noise of the individual spins is uncorrelated and as a result the variance of the sum (7.13) breaks down
to N identical variances so that the quantum spin noise simply is proportional the number of atoms.
In the section to follow this difference in the N dependence is used to distinguish the quantum noise
from the technical noise. In general both types of noise are present in the atomic system, and as the
number of atoms grows larger the technical noise will always dominate over the quantum noise. In fact
this happened already for a few hundreds of atoms in the ion trap experiment[95]. In our experiment the
number of trapped atoms were in the vicinity of 10 and consequently it was vital to have quiet lasers
in order to be able to observe the quantum spin noise. It should be noted that although the spin noise
derived above is an atomic quantum noise it will add to the probe noise as a technical noise. Hence the
amount of spin noise carried by the probe to the detectors will be proportional the probe power at the
detectors squared in contrast to the probe quantum noise which of course is linear in the probe power.

We are now in a position where it is possible to collect the knowledge obtained in the previous
chapters and combine it with the considerations above to write up the net noise power in the differential
photocurrent of the polarization interferometer. In units of the elementary charge and normalized to the
shot noise of the unattenuated probe this is given by

5i% : k X, \* | k
T(Q) = 222’0 =e *(1—8e™®) +ige > é (QMaa—A> + if)%a (7.14)

where we remind ourselves that B is the spectrum analyzer resolution bandwidth, S is the degree of
squeezing in the probe, iy is the probe photon flux before the trap, « is the optical depth of the trap
on the probe transition, 2 is the detection frequency, M is the phase modulation index of the trapping
laser, X, is the real part of the atomic susceptibility at the probe frequency, A is the trapping laser
detuning and k; is a scaling constant depending on the detection efficiency, balancing etc. For a coherent
spin state[101] and weak fields the proportionality constant k, governing the amount of quantum spin
noise relative to the shot noise can be shown to depend on the atomic decay rates of the populations and
the spin kg = 771 (71 +75)/27.pin, and the saturation flux 4§ is given by i§* = A(v, + 7,)/20. Here
v, and 7y, are the decay rates of the populations of the intermediate and upper state respectively, A is
the area of the probe beam cross section and o is the atomic absorption cross section for unpolarized
light. From this we see that in order to have an large amount of quantum spin noise a strong probe
transition and a long living spin are required. This is why the spin noise usually is easy to observe in
nuclear magnetic resonance experiments, where the long living ground state spin is probed[103]. Even
though the symmetry of the MOT is resulting in a spherical spin state rather than a coherent state, and
even though the pump fields are not weak, we still expect our estimate of k4 to be on the right order of
magnitude.

The first term in (7.14) describes the shot noise of the probe, which is reduced by the degree of
squeezing, S. In case of an optically thick atomic medium the shot noise is attenuated by the transmission
e~ and furthermore the squeezing is reduced yet another time by the transmission due to the coupling
to the vacuum as a result of the attenuation. The first term in the second brackets describes the technical
spin noise as we derived it in (6.4) and the second term describes the quantum spin noise. Apart from
the obvious fact that the two terms yield different lineshapes as the probe frequency is scanned across
resonance, we find that they differ mainly in the dependence on the optical depth, « = No/A. Clearly
the quantum noise has the spectral shape of the DC absorption entering via the cross section o, whereas
the technical noise has the more complicated structure described in the last chapter.

7.2 Experimental setup

After having dealt with the necessary physical considerations we will now address the actual experiment.
Although we allowed for squeezing in the probe in eq. (7.14), the entire experiment was in fact performed
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Figure 7.2: The setup used for the measurements of the quantum spin noise. The Ti:Sapphire laser
providing the probe light for the polarization interferometer was stabilized in frequency as well as power.
The probe was chopped and lock-in detection ensured that only the probe noise was recorded on the
digital scope.

with a probe in a coherent state. As it was shown in the last chapter the phase noise of the trapping
diode laser turned out to be deleterious to our attempts to reach the quantum spin noise. Figure 6.6
shows a modulation signal made up of technical noise which is 10 times the probe shot noise leaving little
room for the quantum noise. Another issue is that the ratio of spin noise to shot noise is proportional
to ae™®. This is maximum for o = 1 and the absolute power of the spin noise, described by ae=2,
is maximum for o = 1/2. In the MOT used up to this stage of our investigations, only 20-30 mW of
trapping power coming from a diode laser gave us an optical depth around 0.03 far from the optimum
value. In order to reach higher optical depths and avoid the phase noise we built a Ti:Sapphire laser
providing around 200 mW of light at 852 nm for trapping. Being well locked to the Cs D line the
trapping laser phase possessed only a small amount of technical noise above a couple of MHz, which
should reduce the technical spin noise substantially. Furthermore we rebuilt our trap from a 5 beam to a
6 beam configuration in which the power of each beam was retroreflected to be recycled. With 60 mW in
each beam we were able to obtain an optical depth as high as 1.8 on the probe transition and with a size
of the trap around 7 mm in diameter, we can estimate the density of atoms to be around 10° cm—2 and
the overall number of atoms to be around 10%. As it can be seen from (7.14), the ratio of spin noise to
shot noise grows proportional with ig hence it was advantageous to use a somewhat saturating probe. In
the rest of the experiment we used ig/i§* = 0.72, and the highest achievable optical depth was around
1 with this probe power.

If we use (7.14) to estimate the ratio of spin noise to the unattenuated shot noise (v = 0), we find
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Figure 7.3: Testing the sensitivity and linearity of our lock-in detection of the probe noise. The fit shows
that our scheme was linear within 1%. Optical powers between 400 nW and 200 uW could be detected
before electronic noise dominated in the lower end and the detectors saturated in the high end.

this ratio to be 4.9% with a = 1, v; = 5.3 MHz, v, = 3 MHz and v, = 5.3 MHz. Typical probe
powers were around 340 uW, which gave a shot noise level about 5-6 dB above the electronic noise level.
Since the spin noise only was expected to be a few percent of the shot noise, we clearly needed some
method of reducing the significance of the electronic noise. This was done by chopping the probe at a
1 kHz rate. The balanced detector output was sent into a RF spectrum analyzer (SA) which returned
a voltage proportional to the RMS noise of the detector current at 2/2r = 3 MHz. With the goal of
sending this output into a lock-in amplifier being gated by the chopper TTL pulse, we first had to square
the voltage to get a signal proportional to the variance of the probe fluctuations. With a zero degree
mixing phase of the lock-in amplifier we got an output that only was proportional to the chopped probe
noise. With the lock-in amplifier averaging on a 30 seconds timescale, the output was sent into a digital
scope where it was averaged even more. The setup is shown in figure 7.2.

From (7.14) we see that the ratio of spin noise to shot noise is linear in the probe power. Our
Ti:Sapphire laser that provided the light for the probe showed fluctuations in the power on the order
of 10% at frequencies around 1 kHz. Hence our spin noise to shot noise ratio would fluctuate with this
amount, and since the spin noise only was a rather small fraction of the shot noise, we had to stabilize
the probe power in order to achieve a stable signal. This was done by placing an acousto optic modulator
(AOM) in the probe path and filtering out the first order diffraction. A photodiode measured the probe
power and a servoloop stabilized this power to a fixed internal voltage of the loop by varying the RF
power driving the AOM. As a result the power fluctuations were reduced from 10% to less than 1% in
the 10 kHz bandwidth that the servoloop provided.
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In part of the experiment we also needed to lock the probe laser frequency to the atomic resonance.
This was done by using standard two photon (almost) Doppler free spectroscopy in an external Cs cell.
Towards this end we used a 852 nm pump beam with FM sidebands counterpropagating to a 917 nm
probe. The resulting modulated two photon absorption signal was now used to derive an errorsignal by
means of standard phase sensitive RF technique. Because of the different wavelengths the cancellation of
the Doppler broadening was not perfect, however the residual effect was only 7% and hence insignificant.

Finally we needed to know the DC absorption of the probe in the trap to infer a. This was measured
by splitting off 2% of the transmitted probe power to a DC detector and measuring the detector voltage
on a digital oscilloscope.

7.3 Measurements and results

In order to prove that we really detected spin noise, we had to demonstrate that this was linear in the
number of trapped atoms. Hence we had to vary the optical depth over as large a range as possible
without changing the trap parameters (magnetic fields, detunings, alignment etc.). This was done by
attenuating the power of the MOT repumping laser. Up to this point this laser has been ignored since
it has had no importance to the experiments. The repumping laser was a diode laser resonant with the
651 /2(F = 3) — 6P5)5(F = 4) transition in the trapped Cs atoms. This laser was required because
Cs has a double ground state made up by the F' = 3 and F' = 4 hyperfine components. The trapping
laser was resonant with the 6.5, /(F = 4) — 6P55(F' = 5) transition and due to the finite overlap of the
Lorentzian tails of the 6 Py /5(F' = 5) state with the 6P3/5(F = 4) state there was about 0.05% probability
that the decay of the 6P3/,(F = 5) state went to the F' = 3 ground state and hence left the cooling
cycle. These atoms decaying to the 'wrong’ ground state were pumped back into the cooling cycle by
the repumping laser. By changing the power of this laser we were able to control the number of atoms
in the cooling cycle and thereby in the probed 6P;/5(F' = 5) state relative to the number of atoms in the
6512 (F = 3) state without changing any other trapping conditions.

With a varying optical depth the shot noise of the transmitted probe varied as well. The spin noise
was observed as the excess noise relative to the predicted shot noise inferred by measuring the transmitted
DC power. Hence we needed to know how the shot noise was transmitted through our lock-in detection
system as the probe power was varied. For this measurement no trapped atoms were present and the
probe power was simply attenuated by a half wave retarder and a polarizer. The measurement also
served to test the linearity of our somewhat complicated data acquisition procedure. As it is shown in
figure 7.3, where the lock-in voltage vs. probe power is plotted, our detection system was linear within
1% and we managed to discriminate the shot noise against the electronic noise for probe powers as low as
a few hundred nanoWatts. With an initial probe power of 340 W this corresponds to an optical depth
around 7, which is much higher than we could achieve in our MOT. The deviation from the straight line
in the upper end was caused by saturation of the RF amplifiers in our detectors. Reducing the gain of
these amplifiers would make it possible for us to reach higher powers, however this was not necessary
in this experiment since the 340 W probe power already was saturating the atomic transition. If we
compare our results to ref. [104] where shot noise was detected in a similar scheme, we find that our
detectors allowed us to detect smaller powers, but we paid the price of saturation at smaller powers.

Now that we understood our detection system we started our MOT and observed the probe noise
power at 3 MHz as it was scanned across the atomic resonance. A typical trace is shown in figure 7.4. Here
the dashed line is the probe noise measured by adding the photocurrents of the two detectors and the full
line is the balanced detection signal. Focusing on the latter it is clear why it would have been impossible
to detect the quantum spin noise using semiconductor lasers for trapping. The peak 7 dB above the
shot noise level corresponds to the two photon transition made by the probe and the semiconductor
repumping laser. Clearly this looks like a modulated polarization rotation signal and hence we attribute
this to be the signature of strong technical spin noise caused by the phase noise of the repumping laser.
The transition is shown in the insert of fig. 7.4, which shows that the resonance is shifted about 280 MHz
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Figure 7.4: The SA traces at 3 MHz derived from analyzing the sum of the photocurrents (dotted line)
and the difference of the photocurrents (full line). The dips are due to the DC absorption and the
accompanying reduction of shot noise. In contrast to this the peaks are modulated signals due to the
modulated two photon transition made by the probe with the phase noise of the repumping laser. The
insert shows the relevant transitions.

relative to the two photon transition with the trapping laser as a result of the hyperfine splittings in the
6P3/2 and the 6D5/, states. Because our trapping laser now was a relatively quiet Ti:Sapphire, we did
not observe any noise peaks at the two photon transition frequency with trapping laser. Instead we saw
a dip as a result of the absorption of probe power and the associated reduction of shot noise. According
to our discussion in section 1 of this chapter this dip should reflect the DC absorption profile of the
transition and this is also what we observe in fig. 7.4. When comparing the balanced to the unbalanced
detection we see the importance of balancing the detectors. By making use of the knowledge gained
in the last chapter we know that the modulation spectroscopy signals and hence the technical atomic
noise was by far stronger in i, corresponding to the absorption measured with unbalanced detectors.
In contrast to this, the polarization rotation signals were smaller as a result of the balanced detection
leading to ¢_ and the small rotation angle, which left most of the modulation balanced out. The quantum
spin noise however is stochastic in nature and cannot be balanced out by the detectors. As a result we
should expect to see the same amount of atomic quantum noise in the absorption and the polarization
rotation signals. This was the reason why we in the rest of this experiment chose to analyze only i_
coming from the balanced detectors.

By measuring the DC absorption of the probe by a photodiode as we scanned the probe across
resonance and comparing the DC absorption to the reduction of shot noise, we were able to identify the
atomic spin noise as the discrepancy between the two. As shown in figure 7.5(a), the shot noise did
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Figure 7.5: (a) Curve 1 shows the transmitted DC power as the probe was scanned across resonance.
Curve 2 shows the transmitted noise power at 3 MHz and curve 3 is the difference between curve 1 and
2 reflecting the spin noise. (b) Curve la is the combined shot noise and spin noise with a 340 uW probe.
The line is the theoretical prediction with i /i§*" = 0.72 and the value of k, obtained experimentally later
in this chapter. Curve 1b is the same as la but with 950 W probe power corresponding to i /i = 2,
again the line is the theory. Curve 2 shows the transmitted shot noise when the probe is attenuated by
a passive absorber and curve 3 shows the predicted shot noise and spin noise for the squeezed probe in
chapter 5. The diamond corresponds to the optical depth of this experiment.

not reduce as much as we would expect the atoms merely were passive absorbers. The additional noise,
which is shown in curve 3, is the atomic spin noise. From the curve we see that the spin noise was about
10% of the unattenuated shot noise. Although it is rather noisy, we note that curve 3 resembles the
DC absorption in shape and hence it is likely to be the quantum spin noise. In this case we find that
our initial estimate for a coherent spin state of 4.9% was indeed within the right order of magnitude.
In order to investigate whether this noise was of technical or quantum origin we locked the probe laser
to the incoherent resonance farthest on the left of fig. 7.5(a). Then we started our chopper to begin
our sensitive lock-in detection and measured the lock-in voltage [e™® + igk,ae 2% /i5% from (7.14)] as
the optical depth of the trap was varied by attenuating the repumping laser. This is shown for two
different probe powers as the circles and the squares in fig. 7.5(b). In parallel to this we also recorded
the transmitted probe power ige”® by means of the DC detector in order to infer the optical depth.
After this series of measurements we blocked the trapping laser and simply varied the probe power to get
the noise level in the case of passive absorption. The simultaneous recording of the DC detector allowed
us to infer the shot noise level as function of the optical depth. This is shown as triangles in fig. 7.5(b).
If we keep in mind that our spin noise is the difference between curves 1 and 2, we can confirm that
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Figure 7.6: (a) The dependence of the spin noise normalized to e~2% on the optical depth a. The spin
noise is in units of the shot noise of the unattenuated probe. Curve 1 is with no external modulation
and curve 2 is with external FM of the trapping laser. (b) The transition of the slopes from (a) as the
modulation index of the FM is increased. The change from 1 to 2 in the slopes reflect the transition
from dominating quantum noise to dominating technical noise.

this is maximum around an optical depth of 0.5 as it was predicted in section 7.2. When both of these
curves were normalized to perfect transmission of the probe (zero optical depth), we could directly find
the spin noise igk,ae™*/i5% as the ratio of curves 1 to curve 2. This ratio was normalized to the MOT
transmission e~ in order to test whether it was proportional to a if quantum noise was observed or a2
in the case of technical noise. The result is shown on a Log-Log plot in curve 1 of figure 7.6(a). Here the
slope of 1.07 £ 0.03 clearly indicates that our atomic spin noise was predominantly of quantum nature.
By applying FM to the trapping laser we obtained curve 2 with the slope of 2. This was reflecting the
transition of the spin noise dominated by quantum noise to almost pure technical spin noise. The slopes
of curves similar to fig. 7.6(a) are shown in fig. 7.6(b) as function of the trapping laser modulation
index, M. This was found by measuring the size of the modulated absorption signal at a fixed optical
depth. From (7.14) we find the size of this signal to be proportional to M?. The figure clearly shows the
transition from the dominating quantum noise growing linear in the number of atoms to the dominating
technical noise growing like the square of the number of atoms and hence giving a slope of 2. Due to a
fluctuating modulation index of our rather primitive electro optical modulator, the points on fig. 7.6(a)
curve 2 fluctuate somewhat. This is also the cause of the scattering of the points in (b).

By the use of (7.14) we are now also in a position to see the effect of squeezing in the probe. This
is shown as the diamond on curve 3 of fig. 7.5(b). Extrapolating this point by means of our theory and
the value of k, obtained below, we see that as the optical depth increases above 0.6 nothing is gained
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Figure 7.7: The log-log plot of the spin noise dependence on the probe power. The spin noise is normalized
to e2®. The slope of 0.92 4 0.06 confirms our theory predicting a linear dependence.

in terms of noise reduction by squeezing the probe. If quantum noise reduction in an optically thick
medium should be obtained it is instead necessary to squeezed the atomic spin for instance by exciting
the intermediate 6P3/ state with quantum correlated light as proposed in ref. [100].

To conclude these measurements we finally tested the dependence of the spin noise on the probe power.
Equation (7.14) tells us that the spin noise normalized to the probe shot noise should grow linearly as
the probe power is increased. For this purpose we fixed the optical depth at 0.32 corresponding to -5
dB on fig. 7.6(a). Now the probe power was varied from about 150 yW to 800 W and the spin noise
was recorded in a similar fashion as before. The results are shown in figure 7.7, from which we find
the slope of the Log-Log plot of the spin noise versus probe power to have a slope of 0.92 4+ 0.06. This
clearly show the linear relationship and provides us with yet another indication that we have a reasonable
understanding of the atomic spin noise.

We can find the experimental value of the parameter k, in (7.14) by reading out the spin noise of
curve 1 in fig. 7.6(a) at @ = 1. From (7.14) we find that this number is kgio/i§*" since the e=2* has
been normalized away. The number is found to be -3.85 dB corresponding to 0.41, and by using that
ip/i5* in the experiment was 0.72, we find kg* = 0.58. The theoretical value of this parameter assuming
a coherent spin state with F' = 1 is found to be k’flhe" = 0.25 with vy = 7, = 5.3 MHz and v, = 3
MHz. Our discrepancy of a factor of 2 should be found from the fact that the MOT spin state in
not a collective coherent spin state as defined in [101], rather it is a spherical spin state made up by
uncorrelated individual spins pointing in random directions. In comparison the coherent spin state is
made up by uncorrelated spins pointing in the same direction. Intuitively the oriented coherent spin
state has smaller fluctuations in the transverse collective spin components than the totally symmetric
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Figure 7.8: The recorded noise power in the spin noise limited experiment. Curve 1 shows the modulation
signal limited by probe shot noise and spin noise. The line accompanying curve 1 is a best fit to a
Gaussian. Curve 2 shows the level of spin noise and shot noise and curve 3 shows the level of shot noise.
Curve 4 is the achieved signal in the absence of spin noise with the parameters obtained from the fit to
curve 1.

spherical spin state and hence we expect k; to be larger for the latter. The value of k¢ = 0.58 has been
used to generate the theoretical curves in fig. 7.5(b).

7.4 Being limited by the quantum spin noise

For the sake of demonstration we will now look at a simple experiment in which the sensitivity was
limited by the quantum noise of the atomic spin. For this purpose we used the same setup as in fig. 7.2
but with the chopper and the electronics for lock-in detection removed. The spectrum analyzer span was
changed from zero to 70 kHz and the noise power of the transmitted probe was observed in this range
centered around 3 MHz. Now FM was applied to the trapping laser at the detection frequency and we
wanted to observe the modulation transferred from this laser to the probe via the trapped atoms. This is
similar to the experiments from chapter 6 but now with a much larger trap in which the atomic quantum
noise played a bigger role. The modulation was so weak that the effect on the probe only was a peak
2 dB above the background noise as shown in figure 7.8 curve 1. The background noise level is shown
in curve 2. This was detected by turning off the modulation and from our discussion in the last section
we know that it was made up by quantum spin noise, probe shot noise and electronic noise. Like in the
previous experiment the probe power in this experiment was about 340 pW. This gave 5-6 dB of shot
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noise above electronic noise and hence we disregard the latter in the rest of this discussion. To find the
level of the shot noise only we blocked the trapping beams and reduced the probe power to compensate
for the lack of absorption from the MOT. This level is shown as curve 3 in fig. 7.8. Comparing curves
2 and 3 we find the combined spin noise and shot noise to be located 0.35 dB above the shot noise level
corresponding to the amount of spin noise being 8% of the shot noise. The line on top of curve 1 is
a Gaussian fit to the modulation and the parameters from this fit was used to generate curve 4 which
describes the modulation signal in the absence of spin noise, that is if we had perfect spin squeezing.
Curve 1 is found to be peaked 2.23 dB above the noise floor comprised of shot noise and spin noise and
the corresponding signal to noise ratio is 0.67. In comparison curve 4 peaks 2.32 dB above the shot noise
floor yielding signal to noise ratio of 0.71. This shows that our quantum spin noise was indeed limiting
the achieved signal to noise ratio in this simple experiment. Of course the limitation by spin noise could
be avoided in this experiment by increasing the modulation index, but in other branches of physics such
as the investigation of electroweak interactions in atoms[47] and ultrasensitive magnetometry[105] the
quantum spin noise may well prove to become a limiting factor of the achievable sensitivity.

7.5 Summary

In this chapter we have seen how the stochastic process of atomic decay cause fundamental fluctuation of
the atomic spin. Our simple theory for a V system with weak fields on the two transitions showed that
it was in particular the coupling to the vacuum modes of the electromagnetic field that caused the spin
fluctuations rather than the coupling to the pump fields. It turned out that in order to have the latter
coupling dominating the spin noise, a single photon Rabi frequency on the order of the atomic decay
rate is needed. Such strong coupling typically require the pump fields to be modes of a high Q cavity.
Because our theory assumed an optically thin medium we were not able to show that the fluctuations
of the atomic spin could indeed be reduced by absorbing quantum correlated fields completely in the
atomic medium as it was shown in a recent publication[100]. Our argumentation led us to the fact that
the quantum spin noise could be distinguished from the technical spin noise from the dependence on the
number of spins, N. The quantum noise grows linear in N, whereas the technical noise grows quadratic.

By building a setup in which the probe noise was discriminated against the electronic noise of the
detection system we demonstrated shot noise limited measurements with probe powers as small as a
few hundred nanoWatts. This was crucial for the following spin noise measurements since our theory
predicted spin noise on the order of a few percent of the shot noise at the optimum conditions. These
were shown to be at an optical depth of 0.5, where the absolute spin noise was maximum, and with a
somewhat saturating probe.

By comparing the DC absorption of the probe to the absorption at 3 MHz, we were able to detect
the spin noise at the latter frequency. This was seen to follow the DC absorption profile indicating
that it was indeed quantum noise. As a further test of the spin noise we locked the probe laser to
the atomic resonance and varied the number of spins by attenuating the MOT repumping laser. After
an appropriate normalization to the transmitted probe power, we found the Log-Log plot of spin noise
versus the number of spins to be linear with a slope of 1.07 4 0.03 revealing that the main contribution
to this noise was of quantum nature. By applying external FM to the trapping laser we were able to see
the transition from the almost pure quantum spin noise to pure technical noise, manifested in a change
of the slope in the Log-Log plots from almost 1 to 2 as the modulation depth was increased.

We also tested that the spin noise normalized to the probe shot noise was linear in the probe power
and we found the experimental value of the parameter k,, describing the strength of the spin noise relative
to the probe shot noise, was within a factor 2 of our theoretically predicted value. The discrepancy was
attributed to the spin state of the MOT, which was a spherical state rather than a coherent spin state
as it was assumed in our theory.

Using the data taken with a squeezed probe in chapter 5, we showed by extrapolation that a gain
in signal to noise by employing such squeezed probes only is possible if the probed medium is optically
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Figure 7.9: The trapped Caesium atoms probed by the polarization interferometer. The atoms were
trapped on the 852 nm Dy line and probed on the 917 nm 63/, — 6D5 5 transition. Here the absorption
was around 80%. The density of atoms in the trap was a few times 10°. The cloud had a diameter around
7mm and the blueish glow was due to the decay of the 65,5 excited state into the 7Ps/5 state, which
decayed to the ground state emitting blue light at 456nm. The picture was taken with 10 minutes
exposure and all the colors are real.

thin. In our setup the improvement in signal to noise due to squeezing would be lost at optical depths
higher than 0.6. Improving the signal to noise in this region would instead require a pump field in a
squeezed state to produce a squeezed spin state of the trapped atoms.

Finally we demonstrated an experiment in which the spin fluctuations of our trap accounted for a
significant amount of the noise limiting the sensitivity. This noise may turn out to become limiting factor
in future experiments as the techniques in experimental physics are refined and the sensitivity of the
measurements improves.

This chapter concludes the series of experiments based upon the probing of our MOT by a polarization
interferometer. In the next chapter it will be demonstrated how squeezed states of light can be used to
test fundamental quantum mechanics as well as for the transfer of quantum information over macroscopic
distances.



Chapter 8

Quantum Teleportation of
Continuous Quantum Variables

In the early days of the quantum mechanics as we know it today (1935), Einstein, Podolsky and Rosen
put forward the famous paradox, known today as the EPR paradox[106]. Here the nonlocality of quan-
tum mechanics was disputed and the wavefunction description of the physical reality questioned. Later
the same year Bohr explained the paradox using the complementarity principle of quantum mechanics,
a principle which most people today take for granted[107]. The basic principle in transferring the quan-
tum state of one particle onto another remote particle is exactly to exploit the nonlocality of quantum
mechanics manifested in the form of two particles being in an entangled state[108]. This phenomenon is
commonly called Quantum Teleportation inspired from the science fiction literature. The experimental
realization of quantum teleportation is closely related to experiments carried out previously aimed at
violating Bell’s inequalities[109] and hence confirming quantum mechanics as a theory describing the
physical reality[110]. Therefore the outcome of the experiment described below is twofold. A funda-
mental property of quantum mechanics, namely the nonlocality of the wavefunction, is demonstrated
(again) and furthermore it is demonstrated how it is possible to transfer the quantum state of one phys-
ical system onto another system. From a more practical viewpoint quantum teleportation may be used
in quantum computation for error correction protocols[111] or in optical communication for superdense
coding of information[112]. The teleportation scheme presented in this chapter may also prove to pro-
vide a quantum cryptography line. Hence we see that quantum teleportation plays a central role in the
relatively new, but rapidly growing, field of quantum information science.

The structure of this chapter is as follows. First the theory underlying quantum teleportation of dis-
crete variables is touched briefly. This is helpful for the understanding of the teleportation of continuous
variables. Then it is demonstrated how to produce the entangled fields, that are needed for the telepor-
tation of continuous variables and a theoretical foundation of this kind of teleportation is laid. We will
then move on to describe the experiment and present the setup, which is followed by a presentation and
an interpretation of the results. Finally the chapter will be concluded with a summary of the achieved
results together with a brief outlook on how to extend the experiment to cover other interesting aspects
of quantum teleportation.

8.1 Basic principles in quantum teleportation

As indicated above we mean by quantum teleportation the mapping of the state of one quantum system
to another quantum system. The possibility of this was discovered in 1993 by Bennett et. al.[113]. They
presented a scheme in which two entangled spin 1/2 particles in a singlet state are used to teleport the
spin state of a third spin 1/2 particle by means of a Bell measurement and a subsequent broadcasting
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of the outcome to the site, where the quantum state is reconstructed. A fundamental principle in
quantum mechanics usually referred to as the No Cloning Theorem[114] prohibits the copying of the
quantum state. Consequently is must be demanded that any information about the initial quantum
state of the third particle prior to the detection must be completely destroyed in the detection scheme.
This is exactly what happens when the joint state of the teleportee particle and one of the entangled
particles is expanded on the complete set of Bell states. The authors, coming from the field of quantum
communication, labelled the performer of the Bell measurement Alice and the receiver of the broadcast
signal Bob. This nomenclature will be used in this work as well. As we shall see the teleportation scheme
of continuous quantum variables is very similar to Bennett’s scheme, which is why a brief description of
the latter can be found in Appendix B for comparison and clarification.

The quantum teleportation of the polarization state of single photons has already been carried out
experimentally[115][116]. Clearly the polarization state of the electromagnetic field is equivalent to a
spin 1/2 system and in this fashion Bennett’s scheme has already been implemented experimentally.
However the two experiments carried out before the one presented here both suffered from extremely low
efficiencies (~ 1078) and in order to complete the teleportation protocol, a certain postselection of the
detected events was needed. As it will be seen below, our scheme provided real time, continuous wave
quantum teleportation of the continuous quadrature phases of the electromagnetic field. We detected
the teleported state only to verify the protocol and to quantify the quality of our scheme.

One year after Bennett’s original proposal Vaidman[117] demonstrated the principles of teleporting
continuous quantum variables. A recent proposal aimed at teleporting the quadrature phases of the
electromagnetic field[118] took Vaidman’s idea closer to an experimental implementation. The proposal
was based on an Wigner function analysis, whereas the theory presented below will utilize Heisenberg
operator picture. This approach tend to lend more insight into the underlying physics but makes it
harder to distinguish between manifestly quantum and classical states.

The quadrature phases of the electromagnetic field, denoted ¢ and p are analogues of the position
and momentum for a quantum particle in a harmonic oscillator potential. Originally the EPR paradox
was formulated exactly in terms of the position and momentum of two entangled particles, and hence
the teleportation of quadrature phases was performed in the original spirit leading to the EPR paradox.

As a workhorse this teleportation scheme employs entangled quantum fields in contrast to the en-
tangled particles used above. The first objective of this section is to demonstrate how to produce two
beams of entangled optical fields.

8.1.1 Creating EPR correlated fields

In 1992 it was shown by Ou et. al.[119] how to produce two independently squeezed fields from the two
entangled output fields of a nondegenerate OPO. This was done by splitting the orthogonally polarized
twin beams on a polarizing beamsplitter oriented 45° relative to the two polarizations and observing the
phase sensitive quantum noise of the two outgoing beams. In our experiment the entangled fields were
produced by the time reversed process, namely by mixing two independent but phase coherent squeezed
beams on a 50/50 beamsplitter with an appropriate phase difference.

The experiment described below employed a single OPO ring resonator being pumped in the two
counterpropagating directions from the same source as shown in figure 8.1. Unfortunately intracavity
backscattering always couples the two counterpropagating modes of a ring cavity, meaning that the two
resulting squeezed beams were not exactly independent. This mode coupling will be taken into account
in the following treatment.

The starting point of our calculation is the two counterpropagating squeezed fields a+ given by a

linear transformation of the vacuum fields agg )

ay = uiagg) + yiai)” (8.1)

where the vacuum fields obey standard boson commutation relations [a(-o), el

i »a; '] = 6;; and the coefficients
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Figure 8.1: The entangled EPR beams created by pumping an OPO in two directions and mixing the
resulting squeezed beams with 7/2 relative phase on a 50/50 beamsplitter. The outgoing fields are found
to have correlated amplitudes and anticorrelated phase quadratures.

iy and v are given by
py =coshpy, v4 =sinhpy (8.2)

The parameters p, measure the strength of the nonlinear interaction in the two directions and they
are assumed here to be real and positive. The OPO’s are assumed to have negligible intracavity losses
except for the output coupler transmission and the coupling between the two directions of propagation.
Forming the quadrature phase operators ¢+ = a+ + aTi and pr = —i(ax — al) we find

gr =eP=qy), pr=erep (8.3)

where qf ) and p(io ) are the vacuum field quadratures.

The interbeam coupling is modelled here as a beamsplitter with nearly 100% transmission inside the
OPO resonator. The beamsplitter is assumed to have reflectivity r1 and transmittivity ¢; and relative
optical phase between the two squeezed fields on this beamsplitter is denoted 6. For a single scatterer
being responsible for the coupling, 61 is simply a constant, but in the more general case of a distributed
scatterer we have to keep in mind that 0; is an average over all the phases for the scatterers weighted with
their individual reflectivities. The second beamsplitter, located outside the OPO resonator, is assumed
to have reflectivity 7o and transmittivity to, both being close to 271/2, and the relative optical phase at
this point is called 605.
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All in all we find the two fields emerging from the second beamsplitter a; and as to be given by

al . to —rgew? t1 —rlewl ay
< a9 > o < ro  toeif2 > < o tpet? a_ (8.4)

Introducing the quadrature phases for the outgoing fields in analogy to the squeezed fields and performing
the algebra, we arrive at

Q1 [t1t2 — ri7rg cos 2] [r172 sin 6] [—71ta cos 01 — 1oty cos(01 + 62)]
P1 _ [—7"17’2 sin 92] [tltg — 7172 COS 92] [—Tltz sin 91 — 7’2t1 sin(01 + 92)]
q2 o [thl + rito cos 92] [—7"1t2 sin 92] [—7"17"2 cos 01 + t1to COS(gl + 92)]
P2 [Tltg sin 92] [thl + rito cos 92] [—7’17"2 sin @1 + t1to sin(@l + 92)] (8 5)
[7"1?52 sin 91 + r2t1 sin(91 + 92)] q+ ’
[—71t2 cos 01 — oty cos(61 + 62)] jo
[7’17"2 sinfy — t1ta sin(01 + 92)] q—
[—7"17’2 cos 01 + t1to COS(91 + 92)] p—

At a first glance this result looks rather complicated, but choosing first no interbeam coupling, r; = 0,
t; = 1, equation (8.5) simplifies to

q1 ta 0 —recosy 79 8in Y q+

1 _ 0 to —resiny —racosy o (8.6)
q2 rg 0 tocosy —tosiny q_ ’
D2 0 7 to sin to cosx p_

where we have defined xy = 01 + 05. By using that the vacuum fields are completely uncorrelated and
normalizing to their noise level, we can now readily write up the cross correlation between the two
outgoing fields as

%
22+ 4 (ty — 7o)

N
—~
~
[
+
3
N

(€2~ cos? x + e 72~ sin® )
2 e204 + (ta +12) 2 (62[]* cos? y + e - sin® )()
e 24 4 (ty —13)° (e?= sin® x + €727~ cos? x)

e 4 (a4 r2)” (€ sin® x + 7% cos” )

From (8.7) it can be seen that choosing the relative phase of the two beams to be y = /2, results in
two entangled outgoing fields. These will have the amplitudes, which are correlated, since 6 (¢g; — qg)2 is
smaller than the standard quantum limit (SQL) when ry ~ t5 ~ 271/2, The SQL in this case is 2 units of
vacuum noise, because we are considering the cross correlations between two originally independent fields.
Furthermore we find the phases to be anticorrelated because 6 (p1 + pg)2 possess reduced fluctuation with
respect to the SQL. This is illustrated in figure 8.1.

If we now turn to look at the noise of a single beam emerging from the second beamsplitter, we find,
when putting to = 75 = 271/2 and py = p_ = p, the variances to be

) = ) =

6p3) = (6p3) =

When y = 0 we find the phase sensitive noise associated with the squeezed states, where the g quadratures
are antisqueezed and the p quadratures are squeezed. That is, if we overlap two squeezed beams in phase
on a 50/50 beamsplitter, we just produce two new squeezed fields. However when x = 7/2 we find that
the resulting entangled state possess no phase sensitive noise and that all quadratures has the variance
given by cosh 2p, which is roughly 50% of the noise level in the antisqueezed quadratures, obtained with
x =0.

2p 2 —2p i 2
‘te (1+cos x)—i—e sin” y (8.8)

e 2r (1 + cos? X) + 2P sin? y

SIS



CHAPTER 8. QUANTUM TELEPORTATION OF CONTINUOUS QUANTUM VARIABLES 84

10} T >

i Squeezed state

= 8r ! EPR State

@4 I 5 ;
0 6y | |
m | :
o, 4r | |
g O M MHH -
2} |
6 '2 B S L | :
= - Q X !

4+ E‘ Teer ‘i ;ri)

1 1 1 1 1 PR PR |

0,0 0,5 1,0 1,5 2,0
Time [sec.]

Figure 8.2: Quantum noise of a single EPR beam. The local oscillator phase is scanned at about 10 Hz
(Tro) and the relative phase between the squeezed fields is scanned at about 1 Hz (Tgpg) rate. As the
two squeezed fields are in phase we observe the characteristic phase sensitive noise for a squeezed phase,
whereas when the squeezed fields are in quadrature we observe the phase insensitive noise of the EPR
state. SQL marks the single beam shot noise level.

Being now a bit more realistic by taking into account the interbeam coupling, we define r = ¢, so
that t7 = 1 — ¢ (¢ < 1). Furthermore we take again ¢, = ro = 2712 and p, = p_ = p, and focus
only on the entangled state meaning that y = 01 + 6 = 7/2. With these parameters we find the cross
correlation to be given by

[(1—e)e? +e(cos? 01€% + sin® O1e= )]

[(1—e)e 2P + £(sin® 61€* + cos® f1e2F)]

§ (g1 + q2)° §(p1—p2)’) =

8.9
‘5(611—(]2)2 = (5(p1+p2)2 = (8.9)

2
2

In general we cannot tell much about the scattering phase 61, but for a uniform scatterer distrib-
uted over several optical wavelengths, we can average over the cavity length, z, to obtain <sin2 91>Z =
(cos®01), = 1/2. If we furthermore insert a realistic value of ¢ = 0.01, and cheat a bit to take into
account a real OPO with internal losses. For such a device the product of the squeezing and antisqueez-
ing does not amount to the SQL as indicated throughout this section. Rather it tend to give a larger
number than the SQL. To correct for this we use that the ¢ and p quadratures are independent degrees
of freedom for the electromagnetic field, so that our results above contain no mixed terms of cross cor-

relation between different quadratures. This justifies that we can put (6¢% ) # (<6pi>)_1 corresponding
to having an OPO escape efficiency smaller than 100%. Realistic values for the OPO’s used to produce
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Figure 8.3: The interbeam correlations observed with two balanced homodyne detectors. One detector
was measuring q; whereas the other was scanned continuously between measuring g and ps. The relative
squeezing phase was locked to be 7/2. The photocurrents from the two detectors were subtracted and
analyzed in a RF spectrum analyzer. SQL for this measurement was 2 units of vacuum noise.

the results in this section are €2” = 5 and e~ 2 = 0.6. Inserting our numbers in (8.9), we find the cross

correlations to be <6(q1 — qz)2> = <6(p1 +p2)2> =1.2 and <6(q1 +qz)2> = <6(p1 —p2)2> = 10. This
corresponds to -2 dB and 47 dB relative to the SQL respectively.

We will now compare our theory to the experimental results from the characterization of our EPR
entangled state. First we simply set up a balanced homodyne detector to analyze the phase sensitive
noise of a single beam. In this run the local oscillator phase of the detector was scanned fast (about
10 Hz), while the phase 02 was scanned slowly with about 1 Hz. The observed noise as a result of this
procedure is shown in figure 8.2. In this trace we observe the phase sensitive noise associated with the
squeezed state, obtained when the two squeezed field were combined in phase. This corresponds to times
between 0.5 and 1 seconds. The trace shows only moderate squeezing of about -1 dB and a modest
OPO gain of 4-5. Between 1.2 and 1.4 seconds the two squeezed fields are seen to have moved into
quadrature and as a result we see no phase sensitive noise. This is the indication of the entangled field
state. The phase insensitive noise level is found to be about 3 dB below the noise level of the antisqueezed
quadrature. This corresponds to the level set by cosh 2p, derived above, which is about 50% of the noise
level of €27 associated with the antisqueezed quadrature. The SQL noise level in this trace, was obtained
as the single beam shot noise, hence it was one unit of vacuum noise.

Of course figure 8.2 reveals no information about the actual degree of the interbeam correlations. In
order to measure these, we put up a balanced homodyne detector in each beam and locked the optical
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phase between the squeezed fields to keep them in quadrature. One of the local oscillators was then locked
to be in phase with the EPR beam, meaning that the noise of the quadrature phase ¢; was measured.
The other LO phase was scanned and the two differential photocurrents coming from the homodyne
detectors were subtracted and analyzed in a RF spectrum analyzer. As a result of this procedure we
went from measuring (6(q1 — ¢2)?) to <(5(q1 — p2)?) depending on the phase of the scanned LO. In the
first case our theory tells us that we should observe the noise level -2 dB below the SQL. The latter was
obtained by blocking the OPO pump. In the last case we easily find from (8.6) that the noise level is
2 cosh 2p, corresponding to about 7 dB above the SQL according to the estimates above.

The observed trace is shown in figure 8.3. First it should be noted that the SQL of this measurement
was two units of vacuum noise as opposed to the single unit of vacuum for the results in fig. 8.2. As
the LO phase of our second homodyne detector was scanned, we observed first the 7 dB of excess noise
relative to the SQL corresponding to the measurement of the noisy quantity <6(q1 - p2)2>. This was
followed by a drop in the noise to about -1 dB below the SQL corresponding to the measurement of
<§ (1 — qz)2>. Clearly the interbeam entanglement helped to reduce the relative amplitude fluctuations
in the two beams below the standard quantum limit, where the latter is set by the correlations between
two independent coherent states. All in all we find a reasonable agreement between the measured degree
of correlations and the predictions from our theory. The observed -1 dB corresponds to a noise of 1.59
units of vacuum noise. In comparison our theoretical prediction of -2 dB corresponds to 1.26 units of
vacuum. The deviation of 26% could easily be attributed to our crude estimate of the average scattering
phase, 61, inside the OPO.

After this intermezzo on how to produce the entanglement needed for our teleportation experiment,
we will now address the theory behind the teleportation of continuous variables.

8.1.2 Teleportation of continuous variables

In analogy to the teleportation of discrete variables it is necessary in our scheme to erase all information
about the input quantum state to be teleported. In practice this was done by mixing the latter on a
50/50 beamsplitter with one of our entangled beams described in the last section. Assuming that our
input quantum state is described by the field operator ¢, we find the two fields emerging from the 50/50
beamsplitter, az and a4, to be given by

az =272 (a; — )

a = 2-1/2 (ay 4 ) (8.10)

where the quadratures of a; can be found from (8.6) putting xy = 7/2. It can be shown that Alice’s Bell
measurement in the case of continuous variables is made by measuring the amplitude quadrature, g3, of
one beam and the phase quadrature, p4, of the other beam. Depending on the outcome of these two
measurements, phase space displacements of certain amplitudes are required on the second entangled
field, as. In ref. [118] this is done by a so called actuator, which in reality is nothing but an almost
perfectly reflecting mirror (99%). By transmitting a coherent state through this mirror and controlling
its amplitude and phase according to the method prescribed below, it is possible for Bob to displace the
Wigner function describing as in phase space. The teleportation scheme is shown in fig. 8.4.

In order to detect the quadratures, it is ideal to use balanced homodyne detectors. The finite detection
efficiency of these devices can be modelled by a weakly reflecting mirror with reflectivity n in front of each
detector. The role of this mirror is to mix vacuum noise into the detected signals. The photocurrents
from the detectors will then be given by

i =ngs + /1= 12q

ip = pa + /T —112p}”
(0)

where i, and 7, are the photocurrents from the detectors measuring g3 and ps respectively, and ¢; ° and

pflo) are vacuum field quadratures.

(8.11)
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The amplitude of the displacement beam is now being controlled by i, and its phase is controlled
by i,. The size of the phase space displacements of the field as is assumed to be proportional to the
photocurrents, and strength of the feedback is controlled by the gains g, and g,. As a result the output
state, ¢, will have the quadratures

9c = 42+ Gqlq 8.12
P<:p2+9pip ( )

By combining (8.10), (8.11) and (8.12) we end up with following quadratures of the output state

ac =272 |=gnau + (1+ 22 ) ar — (1= 22 ) p_| + g,/ T— )"

—1/2 gpn gpn 2,,(0) (8.13)
pe =2 gpnpw+(1+-¢%)p++(1——%)q7}+9p L —n°py

Here gy and py, are the quadratures of the input state and the squeezed field quadratures ¢+ and p4 are
given by (8.3). From (8.13) it is clear that in order to have good teleportation of ¢ to ¢, the detection
efficiency must be nearly 100% and the feedback gains g, and g, must be adjusted to be

Ip = —9q = Q (8.14)
n
Furthermore we need good squeezing from our OPQ’s, so that only a small amount energy is present in
the p+ quadratures. The opposite polarity of the feedback from the two measurements is needed because
the quadratures p; and ps are anticorrelated in contrast to the correlated ¢; and go quadratures.
Since we in our experiment detected the noise of the teleported state, we find this in units of the
vacuum state noise to be given by

602) = (8a3 ) +2¢ %~ + 212

52 — ) L 1m? (8.15)
P ) = 6pw>+2e P+ 420

where the optimized feedback gain (8.14) have been used. It is clear that the noise of the output state
will match the noise of the input state in the limit of perfect squeezing (p, — o0) and perfect detection
efficiency (n — 1). In order to distinguish between quantum and classical teleportation, we find from
(8.15) the best performance in classical teleportation by putting p, =0

).~
qé Class qi) + 772 (816)
§p<>Class - 6p1/}> * 77_2

That is, the best classical teleportation is obtained when n = 1, in which case the output state is given
by the input state plus two units of vacuum. The extra vacuum is the price one has to pay when
being restricted only to use classical states of light. One unit of vacuum comes from the simultaneous
measurement of the noncommuting quadratures gy and py on Alice’s homodyne detectors. The other
unit of vacuum comes from the actuator, where the vacuum field as is assigned a coherent amplitude.
In other words, every time we cross the border from our quantum fields to the classical currents we have
to pay the price of one unit of vacuum. The extra vacuum noise added classically is called the Quantum
Duty or QuDuty in the literature[118]. Crossing the border set by the quduty, for instance by using
entangled states like in this experiment, opens up for possibilities like dense coding of information[112]
and quantum cryptography. Along this line, we will in this thesis, consider the signature of quantum
teleportation to be teleportation with a performance better than the quduty in the case of ideal classical
teleportation (n = 1).

In order to be able to quantify the quality of our teleportation we introduce an independent observer,
Victor, in our scheme. His role is to provide the input state to be teleported and compare the teleported
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state to the input state. For this purpose Victor has another homodyne detector with which he can
measure the variances of gc and p¢. In the experiment we used a coherent state as the input state, and
in general the output state, in the case of nonperfect teleportation, is a statistical mixture of coherent

2
states. As a measure of the quality of the teleportation we now introduce the fidelity F = ’<1/)T§ > ,

which for a coherent state input is found to be

F= 2 exp | —2 Q) — )P (8.17)

V(o)1) (o)) [ (o) 1) ((o2) +1)

Clearly the fidelity is 1 if the output state is a coherent state with amplitude (¢) = (¢) and variances
<§q?> = <§q12p> =1, <§pf> = <§p12p> = 1, corresponding to perfect teleportation of the input state.
Classically (p, = 0) the quduty limits the fidelity to FL°% < 0.5, since the best teleportation is seen
from (8.16) and (8.13) to be achieved with n = 1 and g, = —g, = v/2/7n. These values yield the variances
<6q2>0lass = <6p%>0lass = 3 and the amplitude (¢) = (¥}, which inserted in (8.17) gives FZl' = 0.5.
Detection efficiencies smaller than 1 would only increase the variances and hence reduce the fidelity below
0.5.

If we take into account the efficiencies, £; and &, with which the amplitudes of the two entangled

fields are propagating and detected, we find that Victor observes the following variances on his homodyne
detector

2
<5qg> = <5p§> =g*+ %6_2[) (&2 + 951)2 + %er (&o — 951)2 +(1- 5%) 9+ (1- 53) + 292177—277 (8.18)
Here we have assumed that the two OPO’s has the same gain (p, = p_ = p) and the normalized feedback
gain, g, is measured in units of the optimum v/2/7. In (8.18) it has been used explicitly that the polarity
of g4 is opposite to the polarity of g,. This equation is important since it enables us to calculate the
fidelity, observed by Victor, as function of the feedback gain in the classical channel between Alice and
Bob. Hence if we know the efficiencies &, £, and 1 together with the parametric gains, we can predict
the fidelity of teleportation as g is varied.

To conclude this section let us compare the teleportation of discrete variables to teleportation of con-
tinuous variables. The main difference between the two schemes is, that the discrete teleportation work in
a 8 dimensional Hilbert space, whereas the continuous teleportation span an infinite dimensional Hilbert
space. As a result of the different number of degrees of freedom, the discrete teleportation employ single
pairs of entangled particles where the continuous scheme use entangled fields made up by many particles.
Moreover the finite set of unitary transformations needed in the discrete case has to be generalized to
a continuum of linear transformations (displacements) in the continuous case. Finally from a practical
viewpoint it is difficult to detect single photons with a high efficiency and good signal to noise. This is
required in order to perform the discrete teleportation reliably. The continuous teleportation work with
standard photodiodes, which can have virtually 100% efficiency. As a result the continuous teleportation
holds the potential of becoming very efficient, which is not the case for the discrete teleportation with
the current technology.

With the basic principles of quantum teleportation at hand, and having characterized the entangled
beams driving our scheme, we now turn towards the actual experiment, which was carried out at Califor-
nia Institute of Technology via the joint effort of the Quantum Optics Group of Professor H. J. Kimble
and the Experimental Quantum Optics Group in Aarhus.



CHAPTER 8. QUANTUM TELEPORTATION OF CONTINUOUS QUANTUM VARIABLES 89

Spectrum analyzg

____________________________________

TZSO%%iCtOF LO3

FM %ob;

a, T=50%
Bob OPOr=gay a — /2

PR

AN /5

A p p
InjeCt(+)\\ // AM —— 71— FM
Inject(-) e 1 0 q q

Figure 8.4: The detailed experimental setup used in the teleportation of continuous variables. The
OPO is producing two squeezed beams, which are overlapped with the phase ¢pp to produce the EPR
entangled beams a; and as. One of these is used to read out the input state 1 at Alice, and the other is
displaced in phasespace by Bob to produce the output state (. Victor serves the purpose of characterizing
the teleported state ¢, to verify the teleportation.

8.2 Experimental setup

The workhorse of the whole experiment was a homebuilt single frequency Ti:Sapphire laser operating
around 860 nm. This laser provided about 1.5 Watts of which 80% was used for second harmonic
generation to produce the pump for the two OPQO’s. The doubling efficiency was typically higher than
40% which gave more than 450 mW output of our doubling cavity. Due to propagation losses and
coupling efficiencies into the OPO’s only about 150 mW net power was available for each OPO.

As mentioned earlier the two OPO’s shared the same optical resonator and the same nonlinear
crystal. They were simply obtained by pumping a nonlinear ring resonator in both directions to provide
parametric gain for the two counterpropagating modes. The OPO output coupler transmission was
(8.8 +0.3)% and the KNbOj3 crystal nonlinearity was (1.8 & 0.2) %W~1.  Passive losses in the OPO
resonator were measured to be 0.5% and the coupling between the forward and the backward propagating
modes was measured to be about 1%. The 430 nm pump beams were both modematched to the OPO
with (90 + 3)% efficiency and with 150 mW in each beam, a parametric gain of 5+ 1 was observed in
both directions of the resonator. When the resonator was pumped in both directions simultaneously
the increased BLITRA in the KNbOj crystal caused the squeezing to degrade and it was observed that
the best squeezing of about -3 dB was obtained with a parametric gain of 2.0 + 0.2. Clearly a better
performance could have been obtained by pumping two separate nonlinear resonators, since only half
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the pump power would be needed to achieve the appropriate gain and hence the BLITRA could have
been reduced. However the construction and assembly of a high performance subthreshold OPO is not
a trivial task, and due to time constraints the double OPO was preferred in this experiment. In order to
achieve high gain, the OPO resonator was locked to the laser frequency by injecting a weak coherent field
in the TEMyp mode. This field was frequency modulated using an electro optical modulator (EOM),
and an errorsignal was derived using a standard RF technique. With the goal of locking several optical
phases later in the experiment, we had to inject weak TEMq fields into the two counterpropagating
modes of the OPO anyway. These fields, denoted Inject(+) in figure 8.4, were locked to be in phase
with the squeezed vacuum produced in the OPO’s by optimizing their parametric gain using standard
lock-in techniques.

By observing the DC interference fringe between Inject(+) after the first 50/50 beamsplitter in fig
8.4, it was possible to stabilize the relative phase between the two squeezed fields (¢pppr) to be 7/2
and hence produce the EPR state needed for the teleportation. In order to lock the local oscillator
(LO) phases @ gjice1s Paricez ANA Pyrjepor (indicated on the figure) FM sidebands were added to the fields
Inject(+) and Inject(—) at frequencies 5 and 7 MHz respectively. With the two squeezed beams locked
in quadrature, the amplitude and phase quadratures of the resulting entangled beams could be detected
by locking to the side of the RF fringes 5 and 7 MHz respectively. These fringes were generated as a result
of the interference between the LLO’s and the combined fields injected into the OPO and transmitted
through the setup. In this way the homodyne detector Alicel was locked to measure the g3 quadrature,
meaning that ¢ 4;;..; = 0. Similarly we achieved ¢ 47,00 = 7/2 to measure ps and ¢y, could be either
0 or w/2 depending on which quadrature of the teleported state, Victor wanted to examine. Finally the
coherent beam, controlled by Bob, had to be phase locked to the field as in order to produce well defined
linear transformations, for this lock we again made use of the RF interference fringe at 5 MHz between
Bob’s beam and the modulated injected fields. From this fringe ¢z, was locked to be 0, meaning that
the carrier was in phase with as. When the entire experiment was running, a total of 9 servolocks were
in use.

In order to observe quantum noise limited optical fields, we chose to teleport only a single RF sideband
of the input state, instead of the full spectrum of the state. As a result the low frequency technical
noise, present in any laser, did not play a role in this experiment, and furthermore the phase space
displacements turned out to become very simple to perform. By considering only Fourier components of
the wavefunctions in a narrow band around the teleportation frequency, we can define the phase space
for these components. In this space the role of amplitude modulation (AM) would be displacements
along the horizontal (q) axis, whereas frequency modulation (FM) would cause displacements along the
vertical (p) axis. This is illustrated in the insert of fig. 8.4. All of this required of course that the carrier
was phase locked to the entangled beam ag, and hence we see the importance of locking ¢z,

To ensure a high teleportation efficiency all fields were required to be in the same spatial mode,
and hence a high fringe visibility on the 50/50 beamsplitters was needed. In this experiment the fringe
visibilities as a result of the interference between the LO’s and the input state, ¢, on the Alicel and
Alice2 beamsplitters were both 0.97 + 0.02. The entangled fields were interfered with a visibility of
0.94 £ 0.04 with Alice’s LO’s and the input state. On Victor’s 50/50 beamsplitter we had a visibility of
0.97 + 0.02 between Bob’s carrier of modulation and the LO, whereas the entangled field only interfered
with the visibility 0.94 + 0.04 with the LO. Our entangled fields were characterized by e~ = 0.5 4 0.1
and e?’ = 2.0+ 0.2.

8.3 Teleportation results

In order to calibrate the feedback gain, the input state i was subjected to FM by means of an EOM.
As the phase of the input beam was scanned, the phase sensitive classical noise could be monitored
in the photocurrent i;. At the same time the teleported classical noise in the same quadrature (g¢)
was measured by Victor’s detector, and the gains could be adjusted so that Victor observed 3 dB more
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Figure 8.5: (1a) The noise observed in the photocurrent of Alicel. The upper curve is with FM sidebands
added to the input state. A2 is the increased noise seen by Alice as quantum teleportation takes
place and @(j"ijce marks the vacuum noise level. (1b) is the expanded view of the last two levels taken
with smaller video bandwidth. (2a) The noise of the the teleported state as observed by Victor. The
upper trace is the teleported FM sidebands as the phase of the input state is scanned. Y7 %" is the
classical noise level 4.8 dB above the vacuum level, Q)g ictor - as a result of the quduty and AVt is
the noise observed as quantum teleportation takes place. (2b) shows the expanded view of the last 3
traces. Spectrum analyzer settings: Center frequency 2.9 MHz, resolution bandwidth 30 kHz and video
bandwidth 1 kHz in (a) figures and 30 Hz in (b) figures.

classical noise relative to the vacuum level than Alicel. It should be remembered that the classical noise
on the input state was splitted off to Alicel and Alice2 in equal amounts, hence the difference of 3 dB in
the noise levels. Furthermore it was checked that the phase of the teleported classical noise was identical
to the phase of the input state by comparing the variances of g3 and g¢ in real time and observing that
they were in phase, as the phase of 1) was scanned linearly. Finally it was observed that the variances
of py (from Alice2) and g were in quadrature as they should be. The phase sensitive noise observed
by Alicel is shown as the upper trace on figure 8.5(1a) and Victor’s observation is shown as the upper
trace on fig. 8.5(2a). Here the noise power, ¥, is displayed as a function of the phase of the input state
¢y Po marks the vacuum noise levels. Throughout this series of measurements shown on fig. 8.5(2),
the phase of Victor’s LO was locked to be in phase with the field ¢, meaning that g; was observed. It
was however checked that the phase sensitive noise shifted 7/2 when p; was measured.

So far the entangled beams had been replaced with vacuum, and as a result we were in the classical
limit. Hence we see from (8.16) that the quduty should cause the teleported state to contain about three
units of vacuum noise with our detection efficiencies close to 1. This corresponds to a minimum noise
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Figure 8.6: (a) The variance of the teleported state observed by Victor as the gain was varied. The
upper points were taken without entanglement and the lower points were taken with the entanglement
present. The curves are the results of the theoretical predictions based on the measured efficiencies and
quantum noise reduction. (b) The fidelity of entanglement between the teleported and the input state
as the gain was varied. The lower points are the classical results and the upper points are derived from
the corresponding lower points in (a). The maximum fidelity of 0.58 £0.03 proves that the teleportation
scheme is more efficient than any scheme based on classical states of light. Such a scheme cannot yield
higher fidelities than 0.5. Our classical teleportation results yielded a highest fidelity of 0.48 4+ 0.03.

level of the teleported state located about 4.8 dB above the vacuum noise level. The latter could be
found by simply blocking the teleported state, so that only vacuum was incident on Victor’s detector.

To observe the quduty we turned off the FM on the input state and monitored <6q§>cz on Victor’s
ass
homodyne detector. This can be seen in figure 8.5(2b), which is just the expanded view of the flat noise

traces in fig. 8.5(2a) taken with a smaller video bandwidth. Here the level YT = <6q2>0l is

found to be roughly 4.8 dB above the vacuum noise level (I)X ictor “indicating that our teleportation setup
indeed was performing almost as good, as it is classically possible.

Now the entangled beams were allowed to join the game, and as a result the noise level of the
teleported state was seen to drop 1.2 + 0.2 dB corresponding to a 24% reduction. This is shown as
AVicter in fig. 8.5(2b). In order not to violate the no cloning theorem, Alice could not be allowed to
acquire as much information about the input state, as she did classically, and hence the noise level of each
of Alice’s detectors had to increase by the square root of 1.2 dB, that is 0.6 dB, as Victor’s noise level
dropped. Fig. 8.5(1b) shows that the noise of the detector Alicel, labelled AA%“¢ indeed was 0.55 + 0.7
dB above the vacuum noise level, ®gkiee.
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Since it was experimentally difficult to adjust the gain, g, to be exact 1 in units of v/2 /n, we instead
varied this gain and recorded the variance of Victor’s detection with and without entangled fields present.
Following the same procedure as above, we obtained the series of datapoints displayed in figure 8.6(a),

where <§qg> is plotted vs. g. Here the upper points were taken without entanglement and the lower

points with entanglement present. The accompanying curves are generated using (8.18) with the relevant
experimental parameters, given in the last section. With the datapoints at hand, we could infer the
fidelity by means of (8.17) and this is plotted in fig. 8.6(b) together with the theoretical prediction
given our experimental parameters. Now the upper points correspond to entangled beams present and
the lower points are the classical results. We find the highest fidelity to be ]—'g:fm = 0.58 £ 0.03,
which is clearly above the best classical value of 0.5. We can then conclude that the coherent state
injected in our teleportation setup was transferred from Alice to Bob more efficient, than it is classically
possible, and hence we have performed quantum teleportation of the continuous quadrature phases of
the electromagnetic field. Our classical teleportation gave a highest fidelity of fglﬁs = 0.48 £0.03 in
good agreement with the theoretical prediction of FLI0 = 0.485 4+ 0.010, found from the detection
efficiency 7 = 0.97 4+ 0.02. This illustrates again that our teleportation setup was operating close to the

ideal classical conditions, which would have resulted in a fidelity of 0.5. The points around g = 1 in fig.

8.6 were generated from numerous independent measurements of <6qg> and <6p%>.

8.4 Conclusions

To summarize this chapter, we have outlined the principle of transferring a quantum state from one
quantum system onto another system, which is what we mean by quantum teleportation. In the case
of teleportation of discrete quantum variables, a finite set of Bell state measurements is needed on the
joint system made up by one of a pair of entangled particles and the particle carrying the input state.
This is accompanied by a classical broadcasting of the outcome from Alice to Bob. Depending on the
outcome of the Bell measurement Bob has to perform one of a discrete set of unitary transformations on
the remaining entangled particle. The complete process cannot take place faster than the speed of light.
This is a result of the classical communication, which is required to transfer the classical part of the
information of the input quantum state. The quantum information can be considered to be transferred
instantaneous in the sense that the quantum mechanical wavefunction is projected onto its final state as
a result of the detection made by Alice.

The teleportation of continuous variables requires entangled fields instead of single particles, and
it was shown how to prepare such fields theoretically as well as experimentally. By inserting realistic
parameters from the experiment into our theory, we found the quantum noise reduction in the difference
between the amplitudes of the two fields to be -2 dB in fair agreement with the observed -1 dB. The
discrepancy is attributed to the unknown phase of the coupling between the two squeezed beams making
up the entanglement.

Continuous variables are teleported in a fashion similar to the discrete variables. The Bell state
measurement is generalized to a homodyne detection of the ¢ and p quadratures of the joint system of
the input state and one of the entangled fields. The set of unitary transformations from the discrete case
are replaced by a continuum of displacements in phase space in the continuous teleportation.

We then presented the simple theory describing the teleportation of continuous variables and sug-
gested the fidelity, F (8.17), as a measure of the quality of the teleportation. In the case of perfect
quantum teleportation the fidelity is 1, corresponding to a perfect overlap between the output state and
the input state. It was indicated that the highest achievable classical fidelity of 0.5 can be obtained only
in the case of perfect detection efficiencies and the feedback gain of v/2. The limitation on the classical
teleportation is set by the so called quduty, which is the quantum tariff to be paid every time we cross
the border from classical currents to quantum fields. In the ideal case of perfect detection the output
state has the same mean amplitude and phase as the input state, but it contains additional two units of
vacuum noise in these quadratures as a result of the quduty.
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With the theory present, we now focused on the experiment of teleportation of continuous variables.
The setup was described and the optical phases relevant to the experiment were pointed out. From an
experimental point of view it turned out to be convenient to teleport only a single RF sideband, which
made the phase space displacements, required in this experiment, easy to perform. All we needed towards
this end was to mix an amplitude or frequency modulated coherent state with one of our entangled beams
on a 99/1 beamsplitter.

The experiment clearly revealed the quduty, limiting the classical performance of such a teleportation
setup. This manifested itself in an addition of 4.8 dB to the noise level of the teleported state relative to
the vacuum noise level. By employing the entangled fields in a nonlocal quantum state, we demonstrated
that the quduty was suppressed by about —1.240.2 dB, which clearly was a result of a better performance
than the classical setup and hence an indication of quantum teleportation. Further proof of quantum
teleportation was delivered by a series of measurements of the variances of the teleported state as the
feedback gain from Alice to Bob was varied. From these we inferred the fidelity of 7 . = 0.58 +0.03,

Quant
which is distinctively higher than the highest achievable classical value of 0.5. Similarly the classical

teleportation was found to yield the highest fidelity of fgﬁ;s = 0.48 = 0.03, indicating that our setup
was almost optimized as far as the classical teleportation is concerned.

Our teleportation scheme has the advantage as compared to the previously demonstrated schemes[115]
[116], that we teleport the input state with high efficiency in real time. The discrete quantum teleporta-
tion relies on the detection of single photons, which is nontrivial to do with a high efficiency and good
signal to noise ratio. Furthermore the discrete teleportation schemes utilize the detection procedure to
project the teleported state onto the single photon subspace, whereas the detection made by Victor in
our scheme only served the purpose of quantifying the quality of our teleportation.

The principles and the experimental setup described in this chapter holds the possibilities of being
extended in various directions. The most obvious would be to teleport a nonclassical state of the radiation
field instead of a coherent state. By injecting, for instance, a squeezed state, a Fock state or a Schrédinger
cat state into out setup, we would truly be able to reveal the quantum nature of the teleportation process.
Clearly the quduty would be deleterious to these states and virtually destroy their quantum nature, hence
quantum teleportation is needed in order to preserve these characteristics. However the teleportation
of the quantum properties of such states would require stronger correlations than demonstrated in this
chapter. Given a perfectly squeezed input state, the teleported state would still posses quantum noise
reduction provided that the entangled beams display an interbeam quantum noise reduction of 66%, and
with a 50% squeezed input state 81% interbeam correlations are needed. Such strong correlations are
nontrivial to realize experimentally and hence the teleportation of manifestly nonclassical states is not
likely to be seen in the near future.

In section 10.2.2 the possibility of using our setup in other fields of quantum information science is
discussed.



Chapter 9

The Internally Pumped Optical
Parametric Oscillator

The discovery and experimental realization of the squeezed states of light[120][121] has opened a new
area in atomic and optical physics. Using these states basic atomic properties may be altered though the
interaction with a squeezed reservoir of modes[122][8], atomic properties can be probed with sensitivity
better than the standard quantum limit[6][11] or the entanglement inherent in the squeezed states may be
used for quantum cryptography[123][124] or teleportation[118] just to mention a few examples. However,
as described in chapter 4, the experimental scheme which has been most successful so far in the production
of strong squeezing requires a rather extensive optical setup not easily operated[7][38]. This limits the
attractiveness of nonclassical light for many applications and hence new, simpler schemes which can be
made more compact are desirable. Towards this end the Internally Pumped OPO (IOPO) may prove
to become a good alternative to the conventional scheme since, as it will be shown theoretically in this
chapter, strong squeezing can be predicted in the output of this device. A threshold well within reach of
modern coherent light sources also makes the IOPO above threshold attractive as a compact source of
widely tunable coherent light.

This chapter is initiated with a description of the system of interest, followed by a derivation of the
equations of motion governing the IOPO fields. Then we will move on to find the stationary solutions of
these fields together with the threshold of parametric oscillations. The spectra of quantum fluctuations
for the fundamental and the downconverted fields will be derived and the quantum noise around the
fundamental frequency in the IOPO reflection will be analyzed. Finally the chapter will be concluded
by a summary.

9.1 Introduction

The physical system under consideration is made up by a ring resonator with a nonlinear y(? medium
inside. This optical cavity is pumped by light at the fundamental frequency w, which is resonant.
Via the interaction with the nonlinear medium part of the fundamental light is converted into the
second harmonic at frequency 2w. The latter can now again interact with the nonlinear medium either
degenerate or nondegenerate to produce two subharmonic fields at frequencies wi and w_ which in
order to preserve energy must fulfill the condition 2w = w4 + w_. Alternatively we may think of this
system as an external cavity second harmonic generator where the second harmonic is used to pump a
nondegenerate OPO inherent in the same cavity. This is why we have chosen to call the scheme the
Internally Pumped OPO. As illustrated in figure 9.1 the input coupler for the fundamental also serve as
an output coupler to the subharmonics. Consequently the reflection of the IOPO will be a mixture of the
reflected fundamental with the subharmonics generated inside the resonator and transmitted through the
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Figure 9.1: The Internally Pumped OPO. Dashed lines illustrate the lower frequencies w and w-. Dotted
lines illustrate the second harmonic 2w. The subharmonics w+ are considered to be the longitudinal
modes symmetrically placed around the fundamental w one FSR away.

coupler. The conventional externally pumped OPO below threshold has proven to work as an efficient
source of squeezed vacuum and hence we expect the output of the IOPO below threshold to exhibit
similar strong nonclassical correlations.

In principle the second harmonic will be downconverted into all pairs of longitudinal cavity modes
placed symmetrically around the fundamental for which the phasematching conditions are fulfilled to a
reasonable extent. Below threshold the correlated spontaneous emitted photon pairs of our IOPO will
cause these pairs of longitudinal modes to be highly correlated and if we take into account to reflected
fundamental light assumed here to be in a strong coherent state, this can be made to serve as a local
oscillator for a heterodyne measurement so that an ideal photodetector monitoring the IOPO reflection
will observe quantum noise reduction at frequencies being an integer times the free spectrum range (FSR)
of the cavity. However the FSR of a realistic cavity is typically several hundreds of MHz to a few GHz
and hence detection of noise in the subharmonics requires very high frequency detectors unless we restrict
ourselves to the set of modes closest to the fundamental.

As it turns out the cascaded nonlinear coupling of four modes makes the IOPO a system being rich on
peculiar transient and stationary effects. In the case where the resonator is assumed to have a high finesse
for all four modes (w, 2w, w4 ) and for the IOPO above threshold, damping of the self pulsing instabilities
and twin beam correlated photons in the output has been found theoretically together with sub Poissonian
photon statistics of the individual twin beams[125][126][127]. The classical properties of the quadruply
resonant[128] and the triply resonant (w,wy) IOPO above threshold[129][130] have been examined and
optical bistability of the fundamental has been observed in the latter configuration depending on the
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phasematching conditions[131]. Experimentally many of the quantum properties of the IOPO are still
left to be investigated. Only in refs. [130][132] has squeezing of the nonresonant second harmonic been
reported and in ref. [133] the squeezing of the fundamental reflection of a doubly resonant frequency
doubler was observed. A detailed classical analysis of the interaction of the four Gaussian modes in the
IOPO can be found in [134] together with a discussion of the twin beam correlations of the output.

In the following we will consider the IOPO below threshold in the case where the fundamental and
the subharmonics are perfectly resonant in the cavity with no detuning, whereas the second harmonic
can be either nonresonant or resonant with an arbitrary detuning. Our treatment is only valid in the
region where the finesse of the cavity for the second harmonic is considerably smaller than the finesse
for the remaining fields since our approach is equivalent to an adiabatic elimination of the former field
from the equations of motion. In contrast to the previous treatments we will here focus our attention on
the noise of the quadrature phases of the fundamental as well as the subharmonics in the configuration
mentioned above where the fundamental acts as local oscillator for the downconverted fields. The relative
phase between the local oscillator and the subharmonics will clearly depend critically on the detuning of
the second harmonic which is why the phase of this field is considered in so much detail below. Since it
has been shown that the semiclassical approach taken in this treatment with the subsequent adiabatic
elimination of the second harmonic does not account for the squeezing in the latter field in an appropriate
way[135], we will not derive its spectrum of squeezing here.

9.2 Equations of motion

As it was mentioned above we will treat the low frequency modes w and w4 as perfectly resonant cavity
modes with no detuning whereas the second harmonic (SH) can be either nonresonant or resonant with
an arbitrary detuning. In ref. [136] it has been shown how to extract a single quantum mode from the
continuum and thereby connecting the two extremes of our treatment with a resonant and nonresonant
SH quantum field.

Using this as our foundation we now proceed to consider the variation of the SH inside the nonlinear
medium. Since the SH field b not necessarily is resonant in the cavity, we have to take the longitudinal
spatial variation of this mode into account. All other fields are assumed to be perfectly resonant and
hence we can assign a steady state amplitude these independent of where in the cavity they are observed.
Assuming all our modes to be plane waves we now write up the slowly varying envelope of the SH inside
the nonlinear medium

b(z) = b(0) + z% (6102 + Ea1a ) (9.1)

where z is the longitudinal coordinate in the cavity, ¢ is the length of the interaction region and a; and
a+ are the slowly varying intracavity fundamental and subharmonic fields respectively. &; and &, are
the degenerate and nondegenerate nonlinear coupling constants respectively and close to the degeneracy
these are related by &, ~ 2£,. If the subharmonics and the fundamental are adjacent longitudinal modes
of the cavity, we are obviously very close to degeneracy and in the rest of this treatment we will use
§o =26 = 2€.

By integrating (9.1) we obtain the SH immediately after the nonlinear medium
b(¢) = b(0) + i€ (af + 2a4a_) (9.2)
and the SH before the nonlinear medium b(0) is related to b(¢) by
b(0) = b()e” + /1 —r2e /7™ (9.3)

where we have defined the single round trip phaseshift, §, the cavity round trip time, 7, and the SH
output coupler transmission, r. The field " is the continuum vacuum input on the SH output coupler
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which becomes relevant later when we consider the quantum fluctuations in the IOPO. Combining (9.2)
and (9.3) we find the SH fields before and after the nonlinear medium to be

b(0) = Zri (a2 4 2a4a ) + £ rpin

7 lff’—E (9.4)
b(g) = mlg (a% + 204_1_& ) Telr \/_bln
The three resonant fields are found from the single round trip increments
Aar = [V2kE — (k+7) ar] T + 2i€ f d (%) alb(2) + 7v/2Rai™ + T/2704"
(9.5)

Aai:—(ﬁ+7)ai7+2z§fd(%) b(z) + TV2ka + T/ 270

where « is the decay rate of the fundamental through the input/output coupler and 7 are the residual
cavity losses for the fundamental. The decay rates for the subharmonics and the fundamental have been
assumed to be the same which is justified by the small frequency difference of on FSR between the
fields. The classical pump field feeding the intracavity fundamental mode has been denoted £ which is
just a c-number and the ’in’ fields belong to the reservoir of vacuum modes entering the cavity via the
loss mechanisms. By evaluating the integrals in (9.5) using (9.1) and (9.4), we find the following set of
equations governing the dynamics of the IOPO

doy — \2kE— (K +7)ar — §ga{ (af +2a4a_) + V2kal" + /2704 + Q%jalbi"
a 2 in in . in
dd—ti =—(k+7)ax — %ga; (a? + 2a4a_) + V2Kay + /270" + 2%]@21) (9.6)
b(€) = h& (af +2aqa_) —iy/Tjb™
Here we have hidden the cavity response to the SH field in the functions g, h and j defined to be

g=(1+re?) (1- 7"6“5)_1 =ggr(1+ip)
h=i(1—re®) ™ =hg(1+iR) (9.7)
j=ieVT =72 (1 —rei®) ™" = jp (1+4iX)
and the explicit form of p is
2rsin 6
1—1r2
Clearly the nonlinear coupled set of equations (9.6) contain a variety of solutions resulting in many
interesting effects. However we will restrict ourselves mainly to the IOPO below threshold, meaning that
the expectation values (ai) are zero. For the nonresonant SH (¢ = 1, h = j = i) it is easy to verify
that our equations of motion are equivalent to the Langevin equations obtained when eliminating the
SH mode adiabatically from an interaction Hamiltonian of the form

{51 <a2a1 (GDZ CL2> + & (GTFCLTJM + a1a+a_>} (9.9)

This is why we do not expect our treatment to be valid when the losses of the SH become small enough
to be comparable to the losses of the low frequency modes, corresponding to r — 1.
Now the single mode quadrature phase operators X1, Y7, X5 and Y5 defined as

p=- (9-8)

X, = aye’® —|—a e Xy = age'?? —I—CLTe_m2 9.10
Y*l — aleiﬁ _ aTe—vﬁl Y*z — a2€i9 _ aTe—zé)g ( : )
are introduced together with the two mode quadrature phases

Xi =
Y=

(ay a_)e" + (a]}_ + ai) e

. . 9.11
(ay £a_)e' — (al + aT_) e i ®-1)
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We let the pump field set the overall phase of the problem, meaning that we henceforth take £ to be a
real number. As a result the phases 61, 02 and ¢ are defined relative to the phase of this field. From (2.5)
we see that the single mode quadrature phases X; and Y; (j = 1,2) are complementary operators and
it is easy to check that the same applies to the two mode quadrature phases X, and Yy, (k =+, —). By
using our equations of motion (9.6) together with their Hermitian conjugates and inserting our definitions
(9.10) and (9.11), we arrive at the equations of motion for the quadrature phases. However these are
rather lengthy and will not be displayed here, but they can be found in appendix C. Here it is also shown
that they simplify considerably provided we define the quadrature phases 01, 2 and ¢ in a sensible way.

9.3 Steady state solutions

With our equations of motion at hand we will now look for the steady state solutions to these. From the
steady state fields we can find the threshold of the IOPO operation as the point where the subharmonics
start to acquire a nonzero mean value. Furthermore we need the mean values of the fields for our
semiclassical treatment of the quantum noise in the next section.

We keep in mind the ’in’ fields are in the vacuum state and hence their mean amplitudes are zero.
Now we choose the phases 6 and ¢ according to (C.8) and (C.9) so that the steady state quadratures
Y, = X_ =Y, = 0. In this case the equations of motion for the subharmonic mean fields simplify to

2 2
Z2+<"<‘7+’Y>

) +p2 2% = (14 %) X (9.12)

according to (C.11). Here we have defined the subharmonic excitation Z2 = X2 +V?2 and A = £%gg/47.
Clearly Z? is by definition a real number, and from (9.12) it is found that the solution with respect to
72 becomes real when X; exceeds the value

th K+y 2 [(k+9)T
X “\a/ire2 &\l O13)

which defines the intracavity fundamental field required to reach the IOPO threshold. In terms of this
value the solution of (9.12) is given by

(xt")*
V14 p?

and for no SH detuning (p = 0) the subharmonic excitation reduces to

72 =

\/([Xl/th]4—1) (1+p2)+1—1] (9.14)

Z = XM/ [X/ X —1 (9.15)

This is identical to the result from the externally pumped two mode OPO[137] with the modification
that our threshold is expressed in terms of the fundamental pump whereas the externally pumped
OPO threshold usually is expressed through the second harmonic pump. Hence our ratio of X; /X"
must be squared in order to make a comparison possible. By utilizing the symmetry of the parametric
downconversion into the two subharmonic fields we can readily deduce these to be X+ =Y. =Z / V2.

For the fundamental field we employ the equations of motion (C.1). With our choice of phases these
reduce in the steady state to

2

8kE cos b - K+ Z\*
Lrbowh g £21) <Z> — 72 (14 ) (9.16)
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where the phase of the fundamental quadrature 6 is given by

pXi — (pC1 + 1) Z*
V8kE
When the IOPO is exactly on threshold we have that Z = 0, and by using our value for the intracavity

threshold field (9.13) in (9.16) together with our choice of phase (9.17), we find external pump field
required to drive the IOPO above threshold

Sin@l = AXl

(9.17)

1
mEEY g (9.18)

NG V14 p?

Ein=X

This corresponds the threshold power of

(T+£)° 1 1
Pp=—Z — (14 —— 9.19
"= By Tol T (9.19)

where the single pass nonlinearity for second harmonic generation has been defined as Exy = P(2w)/P?(w).
This quantity can be found from (9.1) by ignoring the downconverted fields. As in section 2.2 we have
defined the fundamental output coupler transmission 7 and the remaining intracavity losses £. In the
limit of nonresonant SH (p = 0, |g| = 1), we find the functional dependence of our threshold on the
cavity parameters to agree with the results derived in ref. [134] for focused beams. The main effect of
the resonance properties of the SH in the cavity is hidden in the function |g| defined in (9.7). This shows
that the threshold can be reduced drastically if the SH cavity losses are small (r < 1) and the phaseshift
¢ is zero, since this will result in a large build up of the intracavity SH field. In contrast to this the OPO
threshold is found to become very large when the SH losses are small but the phaseshift is appreciable
in which case the intracavity SH field interferes destructively with itself.

To minimize the threshold the output coupler transmission should be chosen as 7 = £/2 however
from the quantum theory of the externally pumped OPO in section 2.2, we know that this is far from
being the optimum choice when the squeezing in the output is considered. In chapter 4 we found that our
squeezing was limited mainly by the OPO escape efficiency 7 /7 + L which for 7 = £/2 is only 33%. To
optimize the squeezing the output coupler transmission should be made as large as the available pump
power allows for in terms of the increased threshold.

If we estimate typical values of £ = 0.5 %, 7 = 5 % and Eyx; = 0.02 W~ as for a good KNbO3
crystal[7], and if we furthermore assume the SH to be nonresonant, we find from (9.19) a threshold power
of 166 mW well within reach of modern coherent light sources. Experimentally the threshold power of
120 mW has been reported in a LiNbOg IOPO with the fields w, w4 resonating and the SH escaping[129].

It should be emphasized at this point that our treatment only is valid in a plane wave approximation,
however the threshold calculation employing the focused Gaussian beams usually do not differ by more
than a factor of 2[83].

Having found the threshold of parametric oscillations we will limit ourselves to consider only the
subthreshold operation of the IOPO in the rest of this calculation. Using (9.16) with the phase (9.17),
we find the steady state intracavity fundamental field below threshold by putting Z = 0. This is given
by

X, = X"(0,p), 0 <1 (9.20)

where I'(o, p) = \/2(0, p), and z is the real solution of the cubic equation
VI Pz (1+2%) +2:2 =202 (1414 2) =0 (9.21)

In (9.21) we have defined the IOPO pump parameter o = £/&y, = /P/Pi,. It can be checked that
in the limit of no SH detuning (p = 0), (9.20) reduces to the intracavity fundamental build up found
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Figure 9.2: The build up of the fundamental mean field I'(c, p) = X;/X?" as function of the IOPO pump
parameter o = \/P/ P, for various values of the SH detuning parameter p.

for doubly resonant second harmonic generation. A comparison shows that a replacement of & with
the critical pump field required to reach the point of self pulsing yields identical solutions. This would
not have been the case if £, # 2¢;, in fact it has been shown that the self pulsations in the doubly
resonant frequency doubler can be damped out if the IOPO threshold is reached before the self pulsing
threshold[125][127).

The function T" controlling the fundamental build up is plotted versus o for different values of the SH
detuning p in figure 9.2. From this we see that I" grows monotonic from 0 when no pump is present to 1
when o = 1 corresponding to the IOPO on threshold. The influence of the SH detuning associated with
the different values of p is seen to be of minor importance. In fact we find that in the limit of p > 1
equation (9.21) reduces to the p independent equation 2® + z — 20% = 0. As we saw above, the main
impact of the SH detuning is on the threshold power which can become very large or very small.

By inserting our solution (9.20) together with the threshold pump field (9.18) into (9.17) with Z = 0,
we find the natural choice of the fundamental quadrature phase for the IOPO below threshold

1'\3
P (07 p) (9.22)
0\/2 T 77 (14 /1 +p2)
In this region the choice of the subharmonic quadrature phase ¢ can be made arbitrarily, but in terms

of the quantum noise there exists a natural choice which separates the squeezed from the antisqueezed
quadratures.

01 = arcsin
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As it is shown in appendix C the obvious choice of the SH quadrature phase 62 below threshold is
0 = 20, + arctan R~* (9.23)
Using this we find the following stationary SH field quadratures after the nonlinear medium

X2(6) =0

Yall) = Yi'T2(a,p) , 0 <1 (9.24)
Here we have defined the intracavity threshold SH field Y#" = ¢ |h] (X{h')2 /2. For nonresonant SH we
have |h| = 1 and p = 0, so that the SH threshold field reduces to Y&" = 2(k + )7 /& which is just twice
the SH threshold of the externally pumped OPO (2.7) derived in section 2.2. The factor of 2 arise from
the fact that in the IOPO the SH field is generated inside the nonlinear medium in which the parametric
downconversion takes place, whereas in the externally pumped OPO the SH field is constant throughout
the medium. As a result the SH field integrated over the nonlinear medium is a factor of 2 larger in the
externally pumped OPO than in the IOPO, and consequently the threshold field is a factor of 2 smaller
in a plane wave approximation.

9.4 Quantum noise

We will now use our steady state results derived above as the operating points for our field operators.
Provided the quantum fluctuations are small compared to the nonzero mean fields we can linearize
the fluctuations around the operating points and write up the Langevin equations to be solved. This
procedure is usually referred to as the semiclassical approach[18]. As a result of the linearization our
results are not valid in regions with strongly fluctuating fields as it is the case close to threshold.

As it was mentioned in the introduction we will focus our attention on the quantum noise of the low
frequency modes w and wy. For these modes we define the fluctuation operators

QJ:XJ_Xj7 pj:}/}_}7j7 J=1+- (925)

which we insert in our equations of motion together with our subthreshold stationary solutions. Keeping
only terms linear in the fluctuations we arrive at the Langevin equations for the fundamental quadratures

4 T - 9 3 —p q1 2k (ﬁn
=—|I+T J
T < P > { i < 3p 1 ﬂ( P > TR < P >+ (9.26)

e, Q" or 9"

in + in
A\ P V) \ Dy

as well as the subharmonics

() e ferviE (8 ) 22 () () e

d(k+~)t \ px K+7 \ Px K+

Here I describes the 2x2 unit matrix and S = é _(1) . In order to obtain (9.26) and (9.27) we have

chosen the quadrature phases to be 65 = 260, + arctan ¥ and
¢ =01 —1/2arctanp (9.28)

where 60 is defined in (9.22). From (C.4) these phases are seen to simplify our equations of motion. We
assume that all the ’in’ fields describe independent uncorrelated vacuum fluctuations only.

With the goal of finding the spectra of fluctuations we now Fourier transform (9.26) and (9.27) to
find

{(z’Q—i—l)H—H‘z( 33p - ﬂ <Zi >=ﬁ‘/2_’i7 < % >+K—\/i_77 < g;;‘ >+¢(§—FTV) < gzzi > (9.29)
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for the fundamental and

(iQ+1)HiF2mS}<;i)—ﬁ<q£>+ﬁ<%§> (9.30)

K+v \ P+ K+ 7y

for the subharmonics, where the frequency €2 is measured in units of the IOPO bandwidth x + . The
field operators in (9.29) and (9.30) are defined in the frequency space as opposed to the field operators in
(9.26) and (9.27) which are functions of time. To simplify the notation we have used the same notation
to describe both sets of operators, and in the rest of this chapter all of our field operators will be defined
in the frequency space.
We infer the fields going out of the IOPO by applying the boundary conditions for a field F' on the
input/output coupler
Fo"' = \25F — F™ (9.31)

where we assume the coupler transmission to be small compared to 1.

9.4.1 Fundamental field
By combining (9.31) and (9.29) we find the output field quadratures for the fundamental to be

out in in in
< e ) = (M~ —T) < Zqﬁn ) +2y/n(1—n)M™ ( %n ) +2T/2pM ™ < fﬁn ) (9.32)
1 1 2

Y41

where we have defined
o . 2 3 —pP
M = |:(ZQ +1)I4T < 3 1 (9.33)

together with the OPO escape efficiency n = k/(k +7) ~ T /(T + L). The last equality is only valid for
T, LK1

When using (9.32) to find the spectrum of fluctuations we keep in mind that the ¢ and p quadratures
are independent and that all the ’in’ fields are uncorrelated. Furthermore we normalize our fluctuations
to the amount of noise power from our white vacuum fluctuations in the bandwidth relevant to our
measurement. Hence we have

(@ (=)™ () = 8i5 = (" (=P ()

(4" (P (@) = 0 = (p"(~Q)g () 934
from which we find the variances of the fundamental quadratures to be
2 (02 2\2 212 (o T2
<(qimt)2> =1l-n - [Q i FQ e )} 2 (9.35)
[(14T2) (14 302) 4+ 3p2T* — Q2] + 402 (1 + 21?)
and )
2 [02 2 212 2
(68 =159 ar? [0 + (1437%) 4 p 1“2 (2+310%)] 2 00
[(1+T2)(1+302) + 3p2T* — Q2] + 402 (1 + 2I'?)

Since the quantum noise reduction is found in the ¢¢“* quadrature, we will focus on (9.35) here. For

zero SH detuning (p = 0) and at zero frequency (2 = 0) we find (9.35) to reduce to

out\2\ _ 1 4nI2
((a)*) =1 o (9.37)

which is the noise reduction found for a two photon absorber[138] and singly resonant second harmonic
generation where the second harmonic is adiabatically eliminated[139]. The minimum of (9.37) is found
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Figure 9.3: Noise spectra of the fundamental field for different pump powers with a detuning parameter
of p =100. Best squeezing is found to approach 2/3 corresponding to -4.8 dB.

to be 2/3 or -1.76 dB quantum noise reduction. This is found for n =1 and T' = 371/2 corresponding

to 0 = 0.385. For p = 0 we see from (9.22) that ¢{** simply describes the amplitude of the outgoing
fundamental and the mechanism responsible for the amplitude squeezing can be visualized as follows.
Due to the second harmonic generation the fundamental field is exposed to nonlinear losses. As a result
an immediate field with an amplitude larger than the mean will be converted stronger into the SH than a
field with the mean amplitude and the reversed argument applies to an immediate field with an amplitude
smaller than the mean. This results in a fundamental field with amplitude fluctuations smoothed out on
a timescale set by the cavity round trip time.

With a finite SH detuning figure 9.3 reveals more interesting features. As p becomes very large
corresponding to almost complete destructive interference of the fed back second harmonic with itself,
the noise of our squeezed quadrature, defined with a phase according to (9.22), is found numerically
to approach 1/3. This occurs at a frequency around Q ~ /11 as p — oo and 0 — 0,. Of course
our treatment is not valid in this extreme limit, since we find from (9.8) that r must approach 1 in
order to make p very large. However, as fig. 9.3 shows, quantum noise reduction close to 2/3 can be
obtained at smaller frequencies with p as small as 100. The mechanism for the improved quantum noise
reduction with large SH detuning is related to the resulting negative feedback of the SH as a result of the
destructive interference in the cavity. The same mechanism as for zero SH detuning applies here but the
large p results in almost perfect cancellation of the SH field having made a single round trip and hence
the degenerate downconversion of this field back into the fundamental mode is weak. This is not the
case with p = 0 where a part of the fundamental fluctuations always return to the fundamental mode as
a result of two interactions with the SH, and hence we find stronger squeezing with a finite SH detuning.
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From an experimental point of view the stronger squeezing with finite p will not be easy to observe
since the IOPO threshold becomes very high as a result of the low losses and strong detuning required
to make p large. This means that in order to achieve an appreciable value of o of 5-10%, a substantial
amount of pump power is needed. Furthermore we have found that the phase of the squeezed quadrature
is not zero as it would be if squeezing was found in the amplitude of the fundamental. This means that,
unless the IOPO cavity is perfectly impedance matched to the pump, the field reflected off the IOPO
will be composed by the partially reflected pump and the squeezed field transmitted through the coupler
with a different phase. Hence the noise in the amplitude of this combined field will be set by a mixture
of the noise of the 'pure’ quadratures defined by (9.22).

9.4.2 Subharmonics

Using the same approach as in the last section we find the noise spectra for the subharmonics by using
(9.30). These are given by

sy 2\ out\2\ _ g 4AT2\/1 + p2? .
(@) = (=) =1 ng2+(1+r2m)2 (9.38)

out\2\  _ out\2\ _ AT2\/1 4 p2 .
<(p+ ) > = <(q7 ) > 1+n92+(1_r2m)2 (9.39)

where we have defined the escape efficiency 7 as for the fundamental. It should be noted here that the
above two spectra are centered around the frequency w — w_ which in our case is taken to be one free
spectrum range of the IOPO cavity.

With a zero SH detuning or a completely nonresonant SH field (p = 0), we find our results to be
equivalent to the squeezing found for the externally pumped OPO provided we make the substitution
I'? «» o. Clearly this replacement must be made since our threshold for the IOPO is derived in terms
of the fundamental pump whereas the threshold in refs. [137][140][141] is found for the second harmonic
pump. In (9.24) the latter was found to be proportional to I'> and hence the substitution is required for
comparison.

As in the externally pumped OPO we find perfect squeezing with n = I' = 1 at zero frequency
Q = 0. This corresponds to having an IOPO with no intracavity losses except the output coupler
operating exactly on threshold and recording the frequency component at one FSR of the photocurrent
of a heterodyne detector.

In analogy with the discussion at the end of chapter 2 the physical mechanism responsible for the
squeezing in the subharmonics of the IOPO is the two photon nature of the parametric downconversion as
described by the Hamiltonian (9.9). The SH photons are always downconverted into pairs of subharmonic
photons. The photons making up each of the pairs are having frequencies w and w_ lying symmetrically
around the fundamental frequency. Furthermore the phases of the subharmonic fields always add up to
a constant set by the phase of the SH field. This argument applies to the mean fields as well as the
fluctuations. In the externally pumped OPO the overall phase is set by the SH pump and consequently
squeezing is found in the quadrature describing the sum of the subharmonic phases p;. Furthermore
since the downconverted photons are generated in pairs, the resulting amplitudes of the two subharmonics
are almost equally strong and hence squeezing is also found in the quadrature describing the difference
between the subharmonic amplitudes q_. From (9.1) we find that there is a 7/2 phaseshift associated with
each interaction via the nonlinear medium. In the externally pumped OPO only a single interaction is
needed in order to generate the subharmonics, whereas two interactions are needed in the IOPO resulting
in an additional 7/2 phaseshift. Hence in the IOPO squeezing is found in the quadratures orthogonal to
q— and py, namely ¢4 and p_. This means that a local oscillator in phase with the fundamental pump
or the pump itself will produce a squeezed beatnote at the frequency of one FSR when overlapped in
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Figure 9.4: The quantum noise reduction around the FSR frequency. The traces correspond to the
parameters 0 = 1 = n. Perfect squeezing is found for no SH detuning (p = 0) and the spectrum of
vacuum fluctuations is approached as p — oo.

phase with the squeezed vacuum emerging from the IOPO. In the next section we will elaborate more
on this observation.

Having a finite SH detuning the best squeezing is still found for n = I' = 1 around zero frequency.
But, as we see from figure 9.4, the perfect squeezed is reduced and the dip is broadened as p increases.
The reason for this is that the SH phase change from one cavity round trip to another grows with
increasing p and hence the phase of the quadrature, in which the best squeezing of the subharmonics is
found, is different for each round trip. If we average the squeezing over many round trips we end up with
a mixture of the squeezed and antisqueezed quadratures with an arbitrary phase resulting in nothing
but the initial vacuum fluctuations entering the IOPO. This is why we see the spectrum of squeezing
approaching a flat line at the vacuum level as p — oo in fig. 9.4.

9.4.3 IOPO reflection

Extending the discussion from the last section we now devise an experiment in which the amplitude noise
of the field reflected off the IOPO cavity is recorded around the fundamental frequency (fig. 9.1). The
measurement is assumed the enough bandwidth to enable the observation of the quantum noise of the
fundamental as well as the beatnote of the fundamental carrier against the downconverted fields.

By using the beamsplitter relations on the IOPO coupler assuming the transmission of this to be
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Figure 9.5: The spectrum of amplitude noise in the IOPO reflection. The traces correspond to o = 0.8
and n = 1. The IOPO cavity FSR has been assumed to be 50 linewidths.

small, we find the reflected stationary field to be

Xrel = 28 + V2K X e (9.40)
The phase 1 of this field is
in 0
1) = — arctan e (9.41)

g 1
cosfi — ToT 1+ —m

from which we now can find the amplitude noise of the field. Towards this end we use (9.22) and (9.28)
to project the noise found in the last two sections onto the coherent amplitude of the reflected field (9.40)
since this is now acting as a local oscillator to the detection scheme. The resulting spectra of fluctuations
are shown in figure 9.5 for three different SH detunings. In the figure the FSR has been taken to be 50
cavity linewidths. For zero SH detuning we find 25% quantum noise reduction around zero frequency as
a result of the noise eating second harmonic generation. However, around the FSR frequency, where the
IOPO has a high gain due to the cavity build up, we find perfect squeezing due to the nondegenerate
parametric downconversion. The same feature would be observed at higher frequencies being an integer
times the FSR as long as the phasematching conditions in the nonlinear medium are fulfilled.

With a finite SH detuning we see noise spikes entering the squeezing around the FSR frequency due
to the mixing of the squeezed quadrature with the strongly antisqueezed quadrature. This is seen to be
a strong effect even at values of p of a few percent, meaning that good control of the SH detuning is
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needed if strong squeezing should be observed in the IOPO reflection. Around zero frequency the same
effect can be observed, but due to the smaller amount of squeezing here, the mixing of the quadratures
is less critical. In order to see better squeezing around zero frequency we found in section 9.4.1 that a
large value of p is required. However this would cause a phaseshift between the local oscillator reflected
directly off the cavity and the squeezed field coming out from the IOPO, meaning that only a mixture
of the noise in the squeezed and the antisqueezed quadratures would be observed.

It should be pointed out that all our results rely on perfect spatial modematching of the fundamental
pump into the IOPO cavity. In case of nonperfect modematching the threshold will be raised by the
amount ! where y is the degree of modematching. However the quantum noise reduction observed in
the cavity reflection will suffer by the additional 1 — y units of vacuum noise which would be mixed into
the local oscillator mode together with the squeezed vacuum. Hence the smallest achievable quantum
noise would be 1 — 4 in the case of perfect correlations of the IOPO output.

9.5 Summary

In this chapter we have treated the internally pumped OPO (IOPO) in which the fundamental and the
subharmonic fields are perfectly resonant and the second harmonic is either nonresonant or resonant
with an arbitrary detuning. A threshold pump power marking the onset of parametric oscillations was
found in the plane wave approximation and this was seen to depend critically on the cavity response
to the second harmonic field. Below the threshold we derived the steady state intracavity fields, and
they turned out to be governed by the function I'(o, p) (9.20). With zero second harmonic detuning, the
intracavity second harmonic field, required to drive the OPO above threshold, was seen to be a factor of
2 larger than in the externally pumped OPO described in section 2.2. This is a result of the cascaded
process taking place in the IOPO where the second harmonic is generated inside the same medium in
which the parametric downconversion takes place. All of our results are valid within the plane wave
approximation where focusing and phasematching of the interacting modes are not taken into account.
Furthermore the cavity finesse for the second harmonic has been assumed to be a lot smaller than the
finesse for the low frequency modes since the former is adiabatically eliminated in our treatment.

In practice when constructing the IOPO one has to decide whether it is worth resonating the second
harmonic in the cavity and thereby reducing the threshold, but paying the price of having to stabilize
the cavity to yet another field. Alternatively the second harmonic could just be allowed to escape to
IOPO in which case the threshold could go as high as several hundreds of milliWatts or even Watts,
depending on the cavity configuration. If only squeezing around the FSR is desired, the high sensitivity
of the noise reduction to the second harmonic detuning probably makes it disadvantageous to resonate
the second harmonic, since very good servo control of the cavity length is needed in this case. However
if good squeezing in the fundamental is desired, we have seen that a large value of the parameter p is
required. This can only be obtained if the second harmonic is built up in the cavity.

The strong squeezing found in the IOPO reflection around the FSR frequency makes this device an
attractive source of high frequency squeezed light which may find its application in certain areas of optical
communication. Furthermore the relative simple optical setup needed, as long as the second harmonic
is nonresonant, makes it possible to construct the IOPO as a very compact squeezed light source.



Chapter 10
Epilogue

The work presented in this thesis has covered a large area of optical and atomic physics. For this reason
the thesis will now be concluded with a brief summary of the most important results obtained during
this work together with an outlook on possible future experiments.

10.1 Conclusions

10.1.1 Frequency tunable squeezed light generation

One of the cornerstones of this thesis has been the generation and detection of frequency tunable squeezed
light. In this context we have seen how the squeezed states of light can be generated in an optical
parametric oscillator operating below the threshold. In chapter 2 we addressed the quantum properties
of the OPO and found that perfect squeezing in the output is obtained around DC when it is operating
exactly on threshold. However the loss of squeezing at smaller pump powers was found to be bearable
so that 97% quantum noise reduction can be achieved in an ideal OPO when pumping it at only 50%
of the threshold power. By an ideal OPO we mean an OPO with no intracavity losses except the
output coupler transmission. Since the squeezed vacuum generated in a subthreshold OPO is made up
by quantum correlated photon pairs, it is very important that only one port is open to the external
reservoir of electromagnetic field modes, namely the output coupler. Any additional loss mechanisms
will provide other ports through which one or both photons of a pair can escape and consequently evade
detection. A photon inside the OPO cavity has a probability of escaping through the output coupler
given by the OPO escape efficiency n = 7 /7 + L, where T is the output coupler transmission and 7 + £
are the total OPO losses. Experience from previously performed squeezing experiments has shown that
the degree of squeezing typically is limited by the escape efficiency.

High nonlinearity and low passive losses in the near infrared region makes Potassium Niobate an
attractive medium for various nonlinear x(® and x® mixing processes and hence we have used this
material as the nonlinear medium in our frequency doublers and OPQO’s throughout this thesis work. A
serious drawback of this material is however the nonlinear losses associated with the Blue Light Induced
InfraRed Absorption or BLIIRA in short. In chapter 3 this effect was investigated and it was shown that
the OPO escape efficiency can be improved by increasing the output coupler transmission and pumping
the OPO with more light provided that the BLIIRA does not grow faster than the square root of the
pump power. Experimentally it was found that the growth of BLITRA was very close to this rate and
hence no significant improvement in the escape efficiency was observed at pump powers higher than
a few hundred mW. This necessitated the search for ways to inhibit the BLIIRA and a shift to longer
wavelengths and consequently higher phasematching temperatures turned out to be fruitful. The BLITRA
turned out to decrease with increasing temperature of the KNbOs crystals and this effect was particular
strong in Magnesium doped samples where a drop of an order of magnitude was observed. However in
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the latter the BLIIRA was much higher at small temperatures than in undoped samples and hence the
drop in BLITRA from the best samples at low temperatures to the best samples at high temperatures
was about a factor of 2-3. In order to explain the behavior of the Magnesium doped crystals we put
forward an alternative to the two center charge transport model usually employed when light induced
absorption processes are modelled. Our model was based upon a cascaded excitation of electrons from
the valence band to the conduction band via impurity levels located not far below the conduction band.

In chapter 4 we used our observations of the temperature dependence of BLIIRA to construct a
frequency tunable squeezed light source around 917 nm. This wavelength was desirable because it
corresponds to the 6P3/5 — 6D5/, transition in atomic Caesium which we wanted to address in a later
experiment described in chapter 5. Furthermore it was attractive to operate around this wavelength
because the phasematching temperature in a cut KNbQO3zis around 130°C at 917 nm and hence we could
expect BLITRA to be reduced significantly.

Our squeezed light source was made up of a frequency doubler providing the pump at 458 nm for
the subthreshold OPO. From our frequency doubler we had 200-250 mW for pumping our OPO and the
conversion efficiency from 917 nm to 458 nm was in the vicinity of 80% with 300 mW infrared pump,
all depending on the day to day performance. Injecting the frequency doubled light into our OPO, we
observed the phase sensitive gain of a seeding beam to be as high as 17. From the gain measurements
we could infer the OPO pump parameter o = /P/P;, and hence the threshold power and crystal
nonlinearity. Because of the pump power dependent losses from BLITRA, the OPO threshold was found
to depend on the pumping power as well. In fact it was found to increase from 300 mW with small pump
powers to around 350 mW with 200 mW pump. By using simultaneous measurements of the BLITRA we
could infer the crystal nonlinearity to be around 0.5 %/W. This, for KNbO3 rather small, nonlinearity
was attributed to astigmatism in the OPO resonator. By blocking the seeding beam to the OPO and
doing balanced homodyne detection of the squeezed vacuum as the relative phase between the local
oscillator (LO) and the squeezed vacuum was scanned, we were able to see the phase sensitive vacuum
fluctuations emerging from the OPO. At some relative phase the noise level of these fluctuations was 11.5
dB above the free vacuum level corresponding to a gain of 14. But when the relative phase was shifted
7/2 the fluctuations of the squeezed vacuum dropped -5 dB below the free vacuum level corresponding
to residual vacuum fluctuations of 31% of the original level. The BLITRA was found to be reduced with
about a factor of 2 in our experiment relative to previously performed squeezing experiments around
852 nm, but we still found that our quantum noise reduction was limited by the OPO escape efficiency
and hence the BLIIRA. However as compared to a similar experiment performed at room temperature,
we found our escape efficiency to be increased from around 80% to 88% at 130°C crystal temperature.
Hence for a realistic crystal nonlinearity of 1.5-2 %W ™1, a significantly higher degree of squeezing could
be anticipated at the elevated temperature due to the smaller amount of pump power required and the
resulting reduction in BLIIRA.

10.1.2 MOT spectroscopy and spin noise

With our frequency tunable squeezed light at hand, we wanted to use this for spectroscopy on atomic
Caesium. For this purpose a magneto optical trap (MOT) was built in which about 10 Cs atoms were
confined at a density around 10® cm™?. The atoms were trapped on the 65} /o(F = 4) — 6P;o(F = 5)
transition using five intense beams from a diode laser. As a result of the strong trapping beams almost
50% of the atoms were in the excited state where they could be probe by our squeezed light on the
6P3/5(F = 5) — 6D5/5(F = 4,5,6) transitions. For this purpose a polarization interferometer (PI) was
built around the MOT, with which the change of the polarization angle of a linearly polarized probe
could be measured. We found in chapter 5 that the PI was sensitive to the circular birefringence and the
linear dichroism of the atomic medium. The first effect is dispersive and hence it is expected to dominate
off resonance whereas the latter is dissipative and dominates close to resonance. To achieve sensitivity
beyond the standard quantum limit we mixed a coherent state with the squeezed vacuum from our OPO
on a polarizing beamsplitter. By adjusting the relative phase between the two fields we saw that it
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is possible to squeeze either the Stokes parameter s; or ss. The first of these describes the difference
between the linearly polarized components along axes directed £45 degrees relative to the x axis and
the latter describes the ellipticity of the probe polarization. In the PI the first quantity is measured and
hence we squeezed s; in our experiment. In this experiment we were able to achieve -3 dB quantum noise
reduction in the PI with the relative phase between squeezed vacuum and the coherent state locked.

In order to derive an atomic signal a single trapping beam was intensity modulated at a 3 MHz rate,
and the transfer of this modulation to the probe via the atomic x(*) nonlinearity was measured. Using
the polarization squeezed probe in the PI we demonstrated an improvement in the signal to noise ratio
of a factor of 2 relative to a probe in the coherent state. It was also found that the circular birefringence
dominated the atomic signal due to the geometry used in this particular experiment.

To give the atomic signals the attention they deserved, we conducted in chapter 6 a series of experi-
ments in which a purely classical probe was used in the PI. Now the trapping beams were all frequency
modulated at a 3 MHz rate and consequently the induced atomic dipole moments were modulated as
well. The setup associated with the PI allowed us to measure the modulated polarization rotation as well
as the modulated absorption of the probe. Due to the detuned, strongly saturating trapping beams the
PI atomic signal displayed Autler Townes splitting and by varying the detuning we could infer the Rabi
frequency from the modulated absorption to be 7.5 MHz. The lineshapes of the modulated absorption
and polarization rotation were found to be in reasonable qualitative agreement with the results of a three
level ladder model. However this model assumed the atoms to follow the modulation adiabatically which
was a somewhat crude approximation since the modulation frequency was comparable to the atomic
decay rate of 5.3 MHz. As a result we found the theoretical linewidth to be 2-3 times smaller than
the experimental, and by comparing to a more elaborate nonadiabatic model we could account for a
linebroadening of 1.8 times the natural linewidth. The residual broadening, which is commonly encoun-
tered in MOT spectroscopy, is attributed to the quadrupole magnetic field around the MOT together
with the linewidth of the trapping laser. From the modulated absorption signals we found that we were
sensitive to about 10* trapped atoms. The modulated polarization rotation signals were at least an order
of magnitude smaller than the modulated absorption signals, and their size and shape was found to be
very sensitive to the trap alignment and the relative intensity in the trapping beams. Hence polarization
spectroscopy may turn out to be useful in future studies of trap dynamics. This series of measurements
was concluded by the observation of modulated polarization rotation signals using nothing but the in-
trinsic phase noise of the semiconductor trapping laser. These lasers are providing light with a stable
amplitude but extremely noisy phase and we demonstrated that it is possible to use the latter to provide
the FM for spectroscopy. This series of experiments all gave probe shot noise limited signals and they
showed the value of modulating the MOT itself rather than the probe in order to derive spectroscopic
signals. By applying FM to the probe it is easy to encounter problems of parasitic AM due to imperfect
modulation and conversion of FM into AM as a result of dispersion in optical elements as well as in the
atoms. Such AM would limit the sensitivity of the measurement and also make it impossible to reach
the shot noise limit.

The MOT experiments were concluded with the observation of the quantum noise of the atomic spin
in chapter 7. In this experiment the probe laser was locked to the atomic resonance and hence the circular
birefringence was not expected to give significant contributions. In order to describe the linear dichroism
we defined a pseudospin, j; with x and y components proportional to the alignment of the collective
atomic magnetic moment along the corresponding axes. The z component describe the projection of the
collective atomic spin on the z axis set by the propagation of the probe. The mean value of this spin was
shown to be controlled in the transverse (z,y) direction by the relative phase of the ot and ¢~ pumping
fields driving the two transitions. Hence we see that the transverse alignment is parallel to the linear
polarization of a pump field. The longitudinal component has a mean value determined by the difference
between the intensities of the two pump fields. The quantum noise of the pseudospin was shown to be a
result of the spontaneous atomic decay and hence it can be considered a quantum noise in the sense that
it is a result of coupling of the atomic dipole moment to the quantum fluctuations of the electromagnetic
field. A series of dependencies of the atomic spin noise on various parameters was put forward and the
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most important of these was the dependence of the noise power on the number of probed atoms, N. For
technical noise the noise power was found to grow as N? whereas the stochastic quantum noise grows
like N. Crude estimates showed that the ratio of quantum spin noise to probe shot noise only was a few
percent and hence a setup, in which the latter could be detected for optical powers as small as a few
hundred nW, was constructed. The spin noise is maximum for an optical depth of 1/2 and consequently
we had to improve our MOT by building a Ti:Sapphire trapping laser to provide the trapping beams.
The gain from this was twofold: First we had more power in the trapping beams and hence we could
make the trap larger. An optical depth of 1.8 was observed on the probe transition and the total number
of trapped atoms was around 108. Second the Ti:Sapphire provided light which contained much less
technical noise than the diode laser at the detection frequency so that the induced technical spin noise
was kept small. We found the detected atomic spin noise to grow linear in N within 7% and hence
we observed the quantum noise of the collective spin of a large number of atoms for the first time. By
applying FM to the trapping laser we demonstrated the transition from quantum to technical spin noise
manifested in a change of the dependence on the number of trapped atoms from linear to quadratic.
Finally we demonstrated a simple experimental situation where the quantum spin noise of the trapped
atoms limited the signal to noise in modulation spectroscopy.

10.1.3 Quantum teleportation

In chapter 8 the results of the authors visit at the Quantum Optics Group of California Institute of
Technology were presented. Here attempts were made to teleport a quantum state defined in a Hilbert
space of infinite dimensions. Up to this date only the teleportation of discrete quantum variables over
macroscopic distances had been demonstrated.

By utilizing two (almost) independent squeezed fields we were able to create two entangles fields
with correlated amplitudes and anticorrelated phases similar to the output of a nondegenerate OPO.
The correlations were found to reduce the noise in the difference between the amplitudes of the two
fields by -1 dB below the standard quantum limit corresponding to a remaining noise of 79%. One
of these entangled fields was used to read out the quantum state to be teleported by means of two
homodyne detectors aligned to measure orthogonal quadratures. By performing a continuum of phase
space displacements on the other beam depending on the outcome of the homodyne measurements, the
input quantum state could be reconstructed at another point in space arbitrarily far away from the
detectors. The necessity of broadcasting the results of the measurements classically ensures that no
information transfer takes place faster than the speed of light. In the experiment only a RF sideband
of the input state was teleported and hence the phase space displacements could be made by means of
applying AM of FM to a coherent state being overlapped with the second entangled beam. To verify
the teleportation a third homodyne detector was measuring the quadratures of the teleported state. A
fidelity of entanglement, F, between the input state and the teleported state was proposed as a measure
of the quality of the teleportation protocol. A fidelity of 1 corresponds to perfect quantum teleportation.

The best classical performance of such a teleportation setup would return the input quantum state
with two additional units of vacuum noise. One of these come from the simultaneous detection of
two noncommuting observables at the homodyne detectors and the other comes from the phase space
displacements. This quantum tariff has been called the quantum duty of quduty in short. The quduty
was seen to limit the fidelity of any scheme, utilizing only classical fields, to be less than 0.5. In the
experiment a coherent state was teleported and the quduty was observed in the teleported state in the
absence of nonclassical correlations. In the experiment we teleported a coherent state, and by employing
the nonclassical light, the noise level of the teleported state was found to drop 1.2 + 0.2 dB below the
classical noise level. Hence the information stored in the input state was transferred with an efficiency
better than classical obtainable. The noise level from the two homodyne detections of the input state
was found to increase by 0.55 4+ 0.7 dB since less information had to be obtained here in order not
to violate the no cloning theorem. These issues indicated that quantum teleportation of continuous
quantum variables was demonstrated for the first time. Further evidence was provided by a series of
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measurements of the noise of the teleported state as the strength of the phase space displacements was
varied. From these we inferred a maximum fidelity of F = 0.58 £+ 0.03 clearly higher than the best
classical value of 0.5. This high fidelity could not have been achieved without the use of a nonlocal state
and hence we concluded that we performed quantum teleportation of the continuous quadrature phases
of the electromagnetic field. A series of measurements without the use of nonclassical light gave a highest
fidelity of F = 0.48 4 0.03, close to 0.5. This shows that our teleportation setup was nearly optimized
to perform ideal classical teleportation.

Our teleportation scheme held the advantage over previous schemes, intended for teleportation of
discrete variables, that the input state was teleported with an efficiency better than 90%. In contrast
to this the efficiencies of the discrete teleportation schemes are on the order of 10~8. Furthermore our
scheme teleported in real time without the necessity of any detection protocol, in which the specific
events of interest could be selected. In the previous schemes the detection played an essential role for the
teleportation process. As a result the teleported state was always absorbed on the detectors and could
not be used in other contexts.

10.1.4 Internally pumped OPO

In chapter 9 this thesis was concluded with the result of a theoretical project that the author has been
working with in parallel to the experimental work. Here the Internally pumped OPO (IOPO) was
treated semiclassically. This device is simply a frequency doubler in which the second harmonic drives a
nondegenerate OPO. The treatment included the possibility of having the second harmonic resonant in
the cavity with an arbitrary detuning or having the second harmonic escaping the cavity. The threshold
for parametric oscillations in the IOPO was derived and this was found to depend critically on whether
the second harmonic was resonant or nonresonant and on the detuning of this field. For the resonant
second harmonic and no detuning the threshold was found to become very small as a result of the
large build up, and with large detuning the threshold grows very high as a result of the destructive
interference of the second harmonic. The quantum noise of the fundamental and the downconverted
fields was calculated below the IOPO threshold using a linearization procedure. In the former field a
quantum noise reduction of 1/3 was found with no detuning of the second harmonic. Allowing for a
finite detuning the noise reduction in the fundamental can be improved to 2/3 as a result of the negative
feedback of the second harmonic field driving the degenerate parametric downconversion into this mode.

The squeezing in subharmonic fields was found to resemble the output of the conventional externally
pumped OPO. The major differences are that the threshold of the IOPO was described in terms of the
fundamental pump, whereas the externally pumped OPO is driven by the second harmonic. Furthermore
in the externally pumped OPO the noise reduction is found in the quadratures describing the difference
between the amplitudes and the sum of the phases. Due to the cascaded interaction with the nonlinear
medium in the IOPO an additional 7 /2 phaseshift occurs and hence squeezing is found in the orthogonal
quadratures describing the sum of the amplitudes and the difference of the phases of the subharmonic
fields. This turned out to be important for the noise properties of the field reflected off the IOPO cavity
around the fundamental frequency. If we consider the pump field reflected directly off the cavity to act as
a local oscillator for a heterodyne measurement, the additional phaseshift in the IOPO results in strong
squeezing at frequencies being an integer times the cavity free spectrum range since longitudinal cavity
modes placed symmetrically around the fundamental are strongly correlated due to the nondegenerate
downconversion. Around zero frequency the interaction with the second harmonic field reduce this
squeezing to 1/4 close to threshold. A finite second harmonic detuning would cause a mixing of the
squeezed and antisqueezed quadratures and hence noise spikes show up in the spectrum of amplitude
noise.

The simplicity of the IOPO setup makes it attractive for purposes where squeezing at high frequencies
are desired. In fact monolithic versions of this device has already been operated above threshold and they
have proven to be stable sources of widely tunable light. However the quantum noise of the reflection of
the IOPO is still left to be investigated experimentally.
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10.2 Outlook

The experimental and theoretical work described in this thesis holds the potential to be extended in new
directions. This section, concluding the thesis, will provide an outlook on the potential paths which can
be followed.

10.2.1 Spin squeezing and entangled atomic ensembles

A natural continuation of the atomic spin noise experiment will be to seek to reduce this noise by creating
a Squeezed Spin State. These states has been proposed created by absorbing squeezed vacuum in the
atomic medium and thereby transferring the correlations from the light to the atoms. As we saw in
chapter 7, a problem with this approach is the spontaneous decay of the collective atomic spin, which
couples the spin to the fluctuations of the free vacuum in addition to the squeezed vacuum. However it
has been shown that in a steady state situation where a perfectly squeezed field is absorbed completely
in the atomic medium, a 50% reduction of the spin fluctuations is achievable[100]. By mixing squeezed
vacuum with a coherent state on a polarizing beamsplitter as described in chapter 5 and sending the
combined field through a quarter wave retarder, a o™ polarized squeezed field and a o~ polarized coherent
field can be created. These can now interact with Am = +1 and Am = —1 transitions in an ensemble of
cold, trapped atoms. As a result one of the transverse components of the pseudospin defined in chapter
7 can be squeezed. The direction along which the spin is squeezed is set by the relative phase between
the coherent state and the squeezed vacuum[10]. Due to the coherent o~ polarized field, the mean spin
will point in the negative z direction. The direction of this spin vector will be defined within an ellipse
in the (z,y) plane with major and minor axes set by the noise in the two quadratures of the squeezed
vacuum and the orientation is set by the relative phase between squeezed vacuum and the coherent field.

It may prove possible to evade the problem of loosing the spin squeezing due to atomic decay. By
employing two Raman transitions using a strong coherent field and one part of a set of entangled fields
in each transition, it may be possible to reach another hyperfine level of the ground state or a metastable
excited state. As a result entangled pairs of atoms in different spin states can be created resulting in
a squeezed collective spin. Because the final states of the Raman transitions can have a long lifetime,
the correlations may survive for several milliseconds or even seconds depending on the collision rate in
the atomic medium. The entangled fields used here could for instance be the output of a nondegenerate
OPO or the probe used in the polarization interferometer in chapter 5 which can be shown to consist of
quantum correlated o and o~ polarized photons.

The last idea may be extended one step further by considering two distinguishable atomic ensembles
such as a double MOT or two magnetic substates trapped in a magnetic trap. By exciting one atomic
ensemble with one entangled field and the other ensemble with the second field, the two macroscopic
atomic ensembles can be made entangled in the EPR sense. Such entangled ensembles may prove useful
for quantum computation and key distribution in quantum cryptography.

The present work in the Aarhus Quantum Optics Lab is devoted to realizing the above outlined ideas
experimentally, however the obstacles to cross before reaching these goals are still considerable.

10.2.2 Quantum communication for teleportation and cryptography

Teleportation of a quantum state over macroscopic distances requires transfer of the quantum informa-
tion stored in the state. Hence the teleportation setup described in chapter 8 could relatively easy be
modified to test other aspects of the theory of Quantum Communication. One of these is the quantum
cryptography where information can be stored in a quantum state which is broadcast from Alice to Bob.
According to the Heisenberg uncertainty principle this quantum state and hence the information cannot
be detected by an eavesdropper without altering the state, in which case the eavesdropping can be re-
vealed. In our teleportation experiment the classical photocurrent sent from the homodyne detectors at
Alice to the actuator at Bob was very noisy as a result of the increased noise in a single of the entangled
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beams. A weak signal could easily be encoded in the quantum state to be teleported, and due to the
noisy photocurrent it would be impossible to extract the signal without the second entangled beam to
cancel the noise. In this way the second beam could be made the key with which the information en-
crypted by Alice can be decrypted, and the photocurrent could act as a public communication channel.
Provided the ideas outlined in section 10.2.1 works, it may even turn out to be possible to store the
quantum information of the second beam in a long lived atomic system, which then can be transported
by courier from Alice to Bob where the stored information can be extracted and the transmitted signal
decrypted. It should be stressed here that these ideas rely only on handwaving arguments so far, and
that the security of this kind of quantum cryptography may turn out to be very difficult to prove as a
result of the infinite number of dimensions in the Hilbert space used.

Another field of Quantum Information, into which the quantum teleportation experiment could be
extended, is the dense coding of information. In analogy to the dense coding of digital information
demonstrated using entangled two state particles[112], the entangled fields, driving the quantum tele-
portation in chapter 8, could be used for superdense coding of analogue signals. Clearly this could be
of great interest in optical communication, where increasingly higher bandwidths are needed in order to
deal with the massive amounts of information broadcast in our modern society.

10.2.3 The IOPO as a compact squeezer

Finally the quantum noise reduction in the reflection of the internally pumped OPO around the free
spectrum range of the IOPO cavity deserves to be investigated experimentally. Two major problems
arise in this context: First the free spectrum range of an optical resonator is typically several hundreds
of MHz to a few GHz and hence fast photodiodes with high quantum efficiency are needed in order
to observe the squeezing. Second the optical power reflected off the IOPO is considerable unless the
threshold can be made very low. This could cause problems with saturation of the detector. The first
problem can be solved by constructing an IOPO cavity several meters long. For a 3 m long resonator for
instance, the free spectrum range is 100 MHz which is within the bandwidth of standard high frequency
detectors. A solution to the second problem could be to resonate the second harmonic, for instance in a
separate resonator with a high finesse in which case the threshold in principle could be made arbitrarily
low. However this adds the additional complication of another servoloop keeping the second harmonic
resonator on resonance, and as we saw in chapter 9 any detuning of the second harmonic should be
avoided in order to keep the subharmonic quadratures aligned to the pump.

Currently attempts are being made in the Aarhus Quantum Optics Lab to construct an IOPO and
observe the squeezing in the reflection of this.
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Classical OPO theory

In this appendix the OPO will be treated classically taking into account the focused Gaussian beams
entering the nonlinear interaction. The goal of this calculation is to identify the focusing which will
minimize the OPO threshold and consequently maximize the parametric gain.

The starting point of our classical calculations is the wave equation with sources derived from the

Maxwell equations
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Here E is the electric field and P is the macroscopic polarization of the nonlinear medium. c is the speed
of light, n is the index of refraction and p, is the vacuum permeability. Making now the following ansatz
for our signal and idler electric fields F, and the second harmonic pump field E5
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where ¢ is the polarization unit vector, and employing the slowly varying envelope approximation
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we end up with the paraxial wave equation with sources
7 z—w . a PN 02]5'
eilksz—wat) <V2T + 2zki£> Ex(7) = pofs - (A.4)

The wavenumbers have been defined as k1 = niwy /e, and the transverse Laplacian is given by VQT =
0? /022 +0? /0y?. So far the approach has been quite general and can be applied to any linear or nonlinear
process. Turning now towards the process of parametric downconversion we consider the source term of
the form .
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where E» is the pump field and yx;;;, is the second order nonlinear tensor. We now define an effective
nonlinear interaction strength y such that

ot - %TP =x[& B )| [e5 - Bx (1)) (A.6)

Obviously x is depending on the geometry of the problem.
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Given that our OPO cavity is bounded by spherical mirrors, the intracavity field mode is known to
be Gaussian. The Gaussian field is characterized by four parameters: The waist position (z = 0), the
Rayleigh length 2y and two indices specifying the angular field distribution. The latter will be omitted
in the following for simplicity. The explicit form of the Gaussian TEMgg mode is

Aj(u) p° z Tty
54 — J _ —_ 2 )\ = = —.2 A7
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Here M is the wavelength in vacuum and A is the field amplitude. We note that the Rayleigh length zq
is independent on the wavelength, whereas the radial coordinate p does depend on A. The total power
in a Gaussian beam is found to be

Pu) = %c&:o/\zo |Adu)? (A3)

where ¢ is the vacuum permittivity.
Inserting (A.7) in (A.4), we find the equations of motion for the Gaussian amplitudes
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where the dimensionless nonlinear coupling constant ¢ has been defined as £ = Azpx /7 and the dimen-
sionless phasemismatch is given by k = 2 (ks + k— — k2). Deriving (A.9) a small splitting between
signal and idler frequencies has been assumed, such that A_ — A < (A + A_) /2. Finally the p used in
(A.9) is defined according to (A.7) for the wavelength \ = 2mw¢/w, where w is half the pump frequency.
From (A.9) it is clear that the spatial mode of downconverted fields in the OPO is not a pure TEM,
even though the pump mode is. If however the OPO cavity is stabilized to be resonant for the TEMgq
modes of the frequencies w4, the expansion of the downconverted field modes on the cavity TEM modes
will only have an appreciable amplitude on the TEMgyy. Consequently all higher order modes will be
ignored when the right and left hand sides of (A.9) are expanded on TEM modes of E, and as a result

we find )
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Performing now the integration over the transverse coordinates, S, we find the longitudinal equation of

motion of the OPO A ¢ .
+ . *
T = iyt
In the equation above we have added the intracavity losses for the signal and idler modes I'+ by hand
in the attempt to take into account the role of the cavity around our x(®) medium. We note that in the
limit of small intracavity losses I'y+¢/zo ~ (71 + L) /2, where { is the cavity optical length and 7+ and
L4 are the cavity coupler transmission and remaining losses to the signal and idler modes respectively.
The distinction between the two sources of loss is convenient when one is looking at the quantum nature
of the OPO. The combined system of nonlinear medium and cavity is illustrated in figure A.1(a).
Finally we demand that the signal and idler fields are resonant in the OPO resonator, meaning that
when we integrate (A.11) over one cavity roundtrip we must get zero. This is easily seen from the left
hand side: [(0A4/Ou)du = A4 (€) — AL(0) = 0 for a resonant field. Doing the integration we end up
with the following set of coupled homogenous equations

DAL (A.11)
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Figure A.1: (a) The Optical Parametric Oscillator, made up by a x(?) crystal embedded in an optical
cavity. (b) The phase sensitive gain. The dotted line is the pump field at a frequency 2w. Depending on
the phase of the fundamental field it is either amplified or deamplified.

The elements of C are defined as
Ct = _F:I:Aca'w Cr = _Z§A21 (A13)

where A.qpy = €/29. The integral I contains the dependence of the nonlinear coupling on the phase
mismatch and focusing of the pump, and is defined as
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It has been used that the nonlinear interaction term in (A.11) only picks up a contribution in the @
crystal, which is placed symmetrically around the waist, and consequently the limits of the integration
are set by Ae./2 = Lo /220, where £, is the length of the nonlinear medium. Our calculation assumes
undepleted pump, meaning that As is constant over the integration.

In order to obtain nontrivial solutions for the downconverted fields we must demand that

ler)? = cpe (A.15)
which defines the pump field amplitude A%" required to take the OPO above threshold
I, T_A2
AL |* = pa——caw (A.16)
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To elaborate a bit more on this threshold, we identify the single pass nonlinearity for second harmonic
generation by using the longitudinal equation for this process. This can be derived following the same

procedure as above to be
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Now integrating over the crystal and using (A.8), we find the single pass second harmonic power P, in
terms of the fundamental power P; and consequently the single pass nonlinearity Fy, defined as
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where we have used that the real part of the integrand of I is even and the imaginary part is odd in wu.
Since we integrate symmetrically around w = 0, I turns out to be real.
If we now apply (A.8) to (A.16) and use the above expression for the single pass nonlinearity we find
the threshold pump power for the OPO to be
DT AL, (L +L)(T+ L)
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Once the pump power has reached this value inside the crystal, it will remain at this level even if the
external power is increased. The physical reason for this is that any additional pump power will be
downconverted into the signal and idler fields which are nonzero above threshold. This is nothing but a
nonlinear analogue of what is known as gain clamping in (linear) laser systems[142].

To minimize the threshold, we obviously want to minimize the intracavity losses and maximize the
nonlinearity of our x(? crystal. The latter is seen from (A.18) to depend on the focusing and phase
mismatch through I and the zg contained in . Consequently we want to maximize the quantity
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where 3 = M\, x?/872ceq is a constant independent on the focusing. The maximum value of Enr /3
is 2.135 corresponding to A, = 5.675 and k = Ko = 0.574, in agreement with previously achieved
results calculated by using diffraction theory[143]. From figure A.2 it is seen that the maximum of the
nonlinearity is rather broad and consequently a change in A., of 25% only reduces the nonlinearity with
about 10%. It is also noted that the optimum conversion occurs for nonzero phase mismatch. This is
a direct consequence of the divergence of a Gaussian beam. The divergence results in a beam which is
composed of wavevectors that are not parallel to the axis of propagation except very close to the center of
the beam. This is in contrast to a plane wave, where the wavevectors everywhere in the beam are parallel
to the axis of propagation. As a result we need the phase mismatch to be nonzero for the Gaussian beam
in order to get an appreciable contribution to the nonlinear conversion from the outer parts of the beam.
From figure A.2 we find that zero phase mismatch x = 0 will reduce the nonlinearity with almost 50%,
indicating that the beam divergence is indeed an important issue when the nonlinear conversion has to
be optimized.

The above treatment can be applied to the degenerate OPO as well. All we need to do is to set
'y =T_ =T. With this in mind we are now turning towards the phase sensitive degenerate Optical
Parametric Amplifier, with the goal of calculating the phase sensitive gain of this device.

The equation of motion for the degenerate OPO is obtained from (A.11) by putting Ay = A_ = A;.
We imagine that the gain is measured by seeding the OPO with a weak coherent beam, and measuring
the transmission of this beam though the output coupler. In this case we find the equation of motion

e Y TVT L, Vi \/g [VaK AP + 20— KB (A.21)



APPENDIX A. CLASSICAL OPO THEORY 120

E../B

—TT —TTT —TTT —TTT —TTT
T T T T 1

Figure A.2: Single pass nonlinearity vs. A.. = l../zo for different values of the phase mismatch x =
(k+ + k_ — k’g)ZO.

where K is the dimensionless decay rate through the output coupler, and A" and Bi" are the input
fields through the output coupler and another mirror respectively. This is shown in figure A.1. If we
again demand that A is resonant in the OPO cavity, and defining the phase 6 of A; we obtain

(V2K A" + /2T — K)Bi"

A= .
! (1+ie20)T

(A.22)

where we have defined the OPO pump parameter o = Ay /ALY = /Py /P", and found the threshold to
be AL = 8T'Acqp/EI. The phase of the pump has been chosen to be zero, meaning that Aj is real. By
applying the boundary condition on the output coupler in the limit of high mirror reflectivity

Adut = \/%/QKA1 — Ain (A.23)

we find the OPO output field to be
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where we have defined n = K/T". It should be noted that here we have chosen the input fields to have
zero phase, and the phase relative to the pump expressed through 6 can now be adjusted by varying the
pump phase.
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The power transmitted through the OPO normalized to the input power 7 can now be written up

directly as
1—ie 2 2 in
T = |1fie 295 | » Bi"=0,n~1

T = 477§1 n) Azn —

[14+ie—2i0g|? "

(A.25)

Here we are not interested in the case where both input fields are nonzero. The phase sensitive gain
G(0,0) defined as 7(0)/7(c = 0) can now be found to be

2

1—ie ¥4 Bin — 0 ~1

1 —21 ’ 1 =un=

2= |fs ) (A.26)
‘ 1+ze*2190 ’ Alln =0

Obviously it makes a difference whether the gain is measured by seeding the OPO though the output
coupler (Bi" = 0) or through a high reflector (A?* = 0). In both cases the gain is maximum for § = —m /4,
in which case we find G4 = (1+0)?/(1—0)? and Gg = (1—0)~2. For an OPO on threshold (¢ = 1) the
phase sensitive gain is seen to diverge. This indicates that our theory is not valid around this point, since
infinite gain requires infinite energy pumped into the system. Clearly this energy is not available from
the pump. Close to threshold the pump depletion becomes important due to the large energy transfer
from the pump field to the subharmonics. This effect was neglected in our treatment, hence we get the
absurd result of infinite gain. Minimum gain is found for § = 7/4, where G4 = (1 — 0)?/(1 + ¢)? and
Gp = (14 0)72. Here the difference between the two methods of seeding strikes us, since on threshold
G4 = 0 whereas Gg = 1/4. The same mechanisms responsible for the phase sensitive gain of the
degenerate OPO, are responsible for the squeezed output.



Appendix B

Teleportation of discrete Quantum
Variables

With the goal of visualizing the basic physical ingredients needed in quantum teleportation, we present
here the original proposal of Bennett et. al.[113], in which the quantum state of a spin 1/2 particle is
teleported. The work horse in this scheme is a so called EPR singlet, in which two particles, labeled
2" and 3, are entangled in the state [¥(7)) . = 27Y2(|1),[l)5 — [1)5]1)3), where |T)describes one
particle with spin up and ||) describes a particle with spin down. Clearly this is a highly correlated state,
entangling the physical observables (the spin projection in this case) of the two particles being arbitrarily
far away from each other. The quantum state to be teleported is the spin state [¢); = a|T); + B|l); of
a particle labeled 1.

Since no information about the state |¢), must be obtained in the detection, the joint system of
particles '1’ and ’2’ is projected on the orthonormal basis of eigenstates for the Bell operator[144]. For
a two particle system this is given by the following four states

[WE) =272 (1) [y £ 1) 11)s) [@E)) =272 (1), 1)y £ 1)y 11)2) (B.1)

Clearly a projection onto any of these four states reveals nothing about the initial spin state of particle
’1’. Furthermore measuring any one of the Bell states is equally likely regardless of the unknown quantum
state |@);.

The total quantum state of the combined three particle system is given by

9125 = o)y [¥) (B.2)
This can be expanded in the Bell basis as

19)125 = 5 [[ ), (—al D) — B11)3) + 8D, (—a 1) +6]1)s) + (B.3)
+[20)1, (8115 +all)s) +[20) 15 (=815 +all)y)] '

From (B.3) it is clear that depending on the outcome of the Bell measurement a simple unitary trans-
formation on the final quantum state of particle ’3’ is required in order to regain the original quantum
state, |¢) . The correspondence between the measurements and the transformations is as follows

-1 0 _ -1 0
[T, — 0o 1) [T), — 0 —1 )
) 01 ) 01 ()
), — 1 0 ) ), — 1 0 >

The quantum teleportation scheme has been illustrated in figure B.1.
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Unitary
Classical communication transformatio

|4

EPR source

|l

Figure B.1: The quantum teleportation scheme as it is proposed by Bennett et. al. for spin 1/2 particles.
A joint Bell measurement on the input quantum state and one particle of an EPR pair results in the
collapse of the wavefunction of the other particle in the EPR pair onto a coherent superposition of spin
states. This is related to the input state by a simple unitary transformation.

It should be noted that without the information about, which unitary transformation to perform, the
particle '3’ will be in a random mixture of the four possible states in (B.3), and hence no information
about the input quantum state |¢); can be extracted by performing a measurement on the particle. In
order to complete the teleportation the information obtained in the Bell measurement must be transferred
classically from the site of the measurement to the site of the transformation in order to perform the
right operation on '3’. Whereas the quantum information stored in the nonlocal wavefunction ‘\I'(_) >23 is
transferred instantaneous, the classical information obtained in the measurement must obey the theory
of relativity. Since both pieces of information are needed in order to project the original quantum state
onto ’3’, causality is preserved in the teleportation process. This distinction between quantum and
classical information should be understood in the following way. The Bell measurement leaves particle
'3’ in a coherent superposition of the two possible spin states. Although it is not possible to learn
about the original quantum state from this, it is still closely related to the input state via the unitary
transformations. This is a result of the quantum information that has been transferred. The classical
part of the information is the outcome of the Bell measurement. This could for instance be an electrical
current, which can be copied and broadcast without violating any rules of quantum mechanics.

The argumentation above has used only on linear transformations of the states, and hence it is straight
forward to generalize the formalism to teleportation of mixed states as well as pure states.

Quantum teleportation of discrete quantum variables has been realized experimentally in the Quan-
tum Optics groups in Innsbruck[115] and Rome[116]. In both experiments the polarization state of a
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single photon was teleported, but whereas the first group used a polarization entangled EPR pair, the
second group used EPR entangled optical paths.



Appendix C

Equations of motion for the IOPO
quadrature phases

By combining the equations of motion for the IOPO (9.6) with the definitions for the quadrature phase
operators (9.10) and (9.11), we obtain the equations of motion for the quadrature phases. For the
fundamental field these are given by

()= () () -l () 1)+

Cy + pSi) [pC1 —
X2 _y2_x2 Y2 [ 1
FAEYES XY (0 Zs] [0+ p8y)

vl A B e ) ()

_,’_E]R [Xl (CQ — ZSQ) +Y (ECQ + Sz)] — [Xl (ECQ + Sz) Y1 (Cz — )]
VT [X1 (BC2 +82) = Y1 (C2 —E83)] [X1(C2 —ES2) + Y1 (20 + 52)]
(C.1)
where we have defined A = ¢2gp /47 and the C’s and S’s are the abbreviations
Cy = cos(2¢ — 201), Ca = cos(20;, — 02) (C.2)
51 = sin(2¢ — 291), SQ = sin(291 — 02) ’
The ’in’ quadratures describing the vacuum fields are defined in analogy with (9.10) as
q1 _ amelﬁl + ( - )’[6—7':017 an _ av’neiﬁl + ( 1 ) —7'01 7 _ bzn 702 + (b ) —i0o (Cg)
p1 — avlnelﬁl _ (avin,)’[e—7,017 Plzn _ allnezf)l _ (azln) —191 pv bzn 0o (bzn)Te—zf)Q

Similarly we find the equations of motion for the subharmonics to be

$( 5 )= (52 )l () V) - () 4)-
—p 1 9 9 [Cy — pSy] [pCy + 5]
Bt 1p p )" (X% - ¥7) [pC1 +p51] [gl Psl] )
—[C1+p51] [pC1— 54
+2X1Y1< oCr— 51 [Cr t pSi] ﬂ < Yi >+\/ﬁ< >+\/_< P > (C.4)
_;’_EL ( [(Xy —Y1)(C3—XS3)+ (X5 — ) (XC5 + S3)]
Var \[(Xe —YL) (803 + 83) — (X5 — YJF) (C3 —%S3)]
—[(Xx = Y3) (BC3 + 83) — (X5 — Y3) (O3 — X53)] ) < " )
(Xt —Yi)(C5 — X83) + (X5 — Y5) (2C5 + 53)] Py
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where we have used the abbreviations

C3 = cos(2¢ — 02), S5 =sin(2¢ — 62) (C.5)
and the ’in’ quadratures again are defined as
2 = By (0 ) e 4 () £ ) e
R L A e e s
= [(ofr i) e+ () £ (@) e '
Pm = =L [(af + am) i _ ((aT)T + (oﬂ_”)T) e’“z’]

Finally we find the second harmonic quadratures after the nonlinear medium to be

X5(0) = B[(X? — Y?) (C2 + RS2) — 2X1Y; (RCo — S2) + (X2 — Y2 — X2 +Y?) (C3+ RS3) —
—2(X4Y) — X Y ) (RC3 — S3)]

Y2(¢) =B [(Xl2 — Y12) (RCy — S3) —2X1Y1 (Ca + RS2) + (X?Ir -Y2-X2+ Y_2) (RC5 — S3) +

+2(X4 Y, — X Y ) (C3+ RS3)]

(C.7)
with B defined to be B = £hgr/2 and the abbreviations for the cosines and sines defined above. The
functions p, ¥ and R have been defined in (9.7). In the equations (C.7) we have omitted the vacuum
input terms since we are only interested in calculating the steady state values of the second harmonic
fields.

With the goal of simplifying the complicated structure of (C.1) and (C.4) in order to obtain the steady
state fields, we now seek to choose the phases #; and ¢ in a way such that the steady state quadratures
Y; = X_ =Y, = 0. Keeping in mind that the expectation values of the ’in’ fields are zero, we readily
see that we can put Y; = 0 provided we choose 6; so that

— (pCr + 81) Z*
V8KE

where we have defined Z2 = X 2 +Y2. With this choice of §; we find in a similar way that we can choose
X_ =Y, =0 when ¢ is chosen so that the equation

p22 —|—X1 (pCy + 51) =0 (09)

is obeyed. It can be checked that it is always possible to choose ¢ so that (C.9) is fulfilled. Below
threshold Z = 0 and X; # 0. As a result we have to demand that pC; +S; = 0 in order to satisfy (C.9).
This gives us the natural choice of ¢ which should be used in order to separate the squeezed from the
antisqueezed quadratures. Now the steady state solutions for the subharmonics reduce to

AXy [XE(Cr = pSi) + 22+ 2] = 0
AY_ [XE(C1—pSh) + 22+ 52 =0

Y 2
sin 91 = AXl le (CS)

(C.10)

Clearly these have the solution X, = Y_ = 0 corresponding to IOPO operation below threshold, however
above threshold we must demand that the square brackets in (C.10) are zero. Combining this with our
choice of ¢ (C.9) in order to eliminate Cy and Sy, we arrive at the excitation of the subharmonics above
threshold which is given by the solution of

2
+7
72 kT

Similarly we find the fundamental field from (C.1) to be the solution of

+p°2 = (14 ) X} (C.11)

2
\/8%590891 g2 K+
AX, ! A

(£) =7 ase (©12)
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and below threshold (Z = 0) this reduces to

X <X12 + HZ’Y> = \/?4_58 cos 61 (C.13)

Here 6; can be found from (C.8) which below threshold simplifies to

sinf; = %X% (C.14)

Finally we find from (C.7) that the steady state second harmonic quadrature after the nonlinear
medium X (¢) becomes zero below threshold if 6, is chosen in such a way that Cs + RS> = 0.
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