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Introduction

He intrinsic statistical behavior of light, arising from its quantum nature, induces
| fluctuations which degrade the precision of the measurements. Such fluctuations
are unavoidable even when all other sources of noise have been canceled and are
usually referred to as quantum noise. The quantum noise level associated to usual light
sources, in which the photons are randomly distributed, is known as shot-noise or stan-
dard quantum limit. For a classical field the shot-noise represents the ultimate precision
permitted in a measurement of one of the field quadrature, but since the 70’s the existence
of states of the light for which quantum fluctuations are below the shot-noise was experi-
mentally demonstrated. In fact Heisenberg’s principle is a constraint only for the product
of the variances of two conjugate observables (i.e. two field quadratures), which means
that the fluctuations of one observable can be reduced below the shot-noise provided that,
at the same time, the noise on the conjugate observable is enhanced.

After the first pioneering works in the 70, the possibility of controlling and manipu-
lating quantum fluctuations was soon predicted then experimentally demonstrated. The
existence of such non-classical states permits to exploit them as sources to beat the limit
of the shot-noise in many applications involving the detection of light. The reduction (or
squeezing) of the fluctuations of a particular quadrature of the electromagnetic field has
been proposed for increasing the sensitivity of phase-sensitive measurements beyond the
quantum limit, for example in high sensitivity spectroscopy and interferometric measure-
ments for the detection of gravitational waves.

The interest in manipulating quantum fluctuations does not only reside in squeezing
quantum noise. In 1935, Einstein, Podolsky and Rosen pointed out the paradoxical fact
that for a special class of states, say entangled, quantum theory could predict correlations
stronger than the ones predictable by any other theory obeying “local realism” and this
led them to conclude that quantum theory was incomplete. In 1964, J. S. Bell derived
his well-known inequalities which fix an upper limit to the strength of correlations for
theories obeying local realism and permitted to test experimentally quantum theory. After
1964, an increasing number of experimental tests supported the consistency of quantum
entanglement and, after quantum teleportation was demonstrated, entangled states began
to be considered as the main resource in quantum communication protocols.

The generation, investigation and manipulation of quantum states has been, so far,
essentially performed in single mode systems. In recent years, it has become more and
more appealing to exploit optical systems supporting multi-mode electromagnetic fields for
reasons that are grounded both on a fundamental and practical point of view. Well known
since the beginnings of the laser physics, complex phenomena connected to the presence of
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several (temporal or spatial) modes of the electromagnetic field inside laser cavities have
been considered undesirable because they are not easy to handle: for this reason filters were
used in order to reduce their number. After the 80’s the interest in complex systems led to
reassess the multi-modal phenomena arising in laser systems, now regarded as paradigms
of what happens in more complex systems such as fluids, chemistry and biology [Haken].
Self-organization, in general, stems out each time that several number of modes are let
to compete by means of a non-linear interaction. Therefore non-linear laser systems are
the best candidates for putting in evidence these phenomena in optical domain: pattern
formation in the space domain and self phase-modulation in time domain are among the
most known examples. On the other side, applications like the mode-locking of laser fields,
the need to exchange informations through communication channels of higher and higher
capacities, the capability to extract information from complex signals (like a radio signal
or an image from a CCD camera) require devices exploiting a larger number of modes.

An optical image corresponds to a specific light distribution that can be recorded onto
our retina or onto a detection device such as the CCD detector of a camera. The classical
criterion of Rayleigh sets a lower limit, of the order of a detected light wavelength, to the
resolution power of optical devices ascribing it to diffraction, but the great improvement
reached in processing of detected images permits to go beyond this classical limit. The
quantum nature of light will manifest as a shot-noise by limiting the quality of the detected
signal. In order to account for the transverse spatial distribution of quantum fluctuations
a complete quantum multi-mode description of the field is needed. Inside this picture the
concept of noise reduction or signal amplification can be transferred from mono-mode to
multi-mode beams so that concepts such as local squeezing [Kolobov1989] or the amplifi-
cation of several transverse modes [Kolobov1995] can be introduced. The investigation of
ultimate performance limits in optical imaging imposed by the quantum nature of light
and the conciliation of this description of the electromagnetic field with imaging processing
are among the principal goals of quantum imaging [Lugiato1995].

Sources producing highly multi-mode fields are needed not only in image processing
experiments but also because multi-modal aspect of quantum imaging allows to greatly
increase the information capacity of several quantum information protocols such as, for
example, quantum teleportation and quantum dense coding. Most of the proposition
for producing non-classical spatial multi-mode beams involve the parametric down con-
version effect in nonlinear crystals and the two main systems in which these effects have
been studied, theoretically and experimentally, are the optical parametric amplifier (OPA)
[Kolobov1999, Lugiato2002] and the optical parametric oscillator (OPO)
[Lopez2005, Fabre2007].

At the same time, a great number of experiments have obtained extraordinary perfor-
mances combining image processing techniques to the use of high precision detectors. For
example precisions of the order of nanometer have been achieved in the measure of position
of a laser beam by means of a double quadrant detector [Boccaral980, Charbonnier1990,
Putman1992, Kojimal997]. It is possible to show that, whereas a mono-mode squeezed
beam cannot improve the measurement [Fabre2000], squeezed fluctuations in an appropri-
ate mode can be used to beat the standard quantum limit [Treps2002].

Nowadays protocols for standard communication or for extraction of information from
complex signals are rather based on the exchange of broadband light in a well defined
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transverse spatial mode (for example the guided mode of an optical fiber), in which the
information is conveyed by the temporal variation of the light amplitude and phase, in an
analog or digital way. In this case the multimode optical system considered is the set of
all the possible temporal shapes of the light pulses. Temporal multi-mode laser sources
gain the same appeal as spatial multi-mode devices in the measure they are employed to
beat quantum standard limit. For example, like the quantum laser pointer, a multi-mode
pulsed source of squeezed light could be exploited for beating the shot-noise in measures
of time delay with very high sensibility. Implementation for parallel transfer of quantum
communication by means of several temporal modes can be envisaged too.

It is clear that for implementing these applications, sources of temporal multi-mode
non-classical light are required. Parametric down conversion in concomitance with a pulsed
pump field is at the base for such a sources. The simplest device is made up of a single
pass amplifier (OPA) pumped by means of one short pump pulse [Wasilewski2006a]. As a
consequence, in the Fourier space, temporal modes are described by a continuous spectrum.
Since perfect quantum properties are achieved only when the pump power goes to infinity,
systems combining high peak pump powers (obtained for examples from Q-switched or
mode-locked lasers) with the feedback of the cavities are more efficient than OPAs. Such
systems are the synchronously pumped optical parametric oscillators (SPOPO) which are
OPO cavities pumped by a c.w. train of ultra-short (femtoseconds) pump pulses generated
by a mode-locked laser whose cavity free spectral range is adjusted in order to be equal
to the OPO free spectral range (synchronization). SPOPO devices have been used in
order to generate ultrashort optical pulses of tunable wavelength or to efficiently control
the pulse compression, and their temporal properties have been theoretically investigated
[Cheung1991] but, at the best of our knowledge, their properties have not been studied
yet on the quantum point of view.

The goal of this thesis is to extend to the time and frequency degrees of freedom of an
optical beam the multi-modal approach so far adopted in the context of quantum imaging.
Indeed, the analogy between the spatial and time/frequency degrees of freedom immedi-
ately appears by observing that as like an optical image can be regarded as a coherent
superposition of several transverse modes, a frequency comb is a coherent superposition
of optical frequencies. Such combs are produced by means of mode-locked lasers and,
in a temporal picture, they correspond to a train of pulses which are mutually coherent.
For these reasons, a good choice for a temporal multi-modal analysis is represented by a
SPOPO. We, therefore, present here the complete quantum multi-mode model of SPOPO
cavities. Starting from the equations of the motion for the intra-cavity field operators, the
classical problem of the steady state solutions below threshold will first be approached,
thus permitting a detailed study of the classical functioning of the device. This prob-
lem depends on the solution of an eigenvalue equation from the spectrum of which it is
possible to extract information about the threshold and the spectral shape of the tempo-
ral modes that will oscillate. On the other hand, the quantum analysis shows not only
that SPOPOs are able to produce non-classical states, for example squeezed states, but
also that a whole set of temporal modes (say “super-modes”) own non-classical proper-
ties. Finally, we illustrate that, thanks to their multi-modal character, SPOPOs could
be exploited as a compact source of multi-mode entangled states which can be useful in
quantum communication protocols.



4 Contents

In the first chapter of this thesis, we will resume the fundamental theoretical aspects
of the quantum optics such as the notion of continuous variables, the Heisenberg inequal-
ities for conjugate observables and the statistical properties of the field fluctuations that
characterize squeezed or entangled states. The second chapter is dedicated to a brief in-
troduction of the basic functioning of synchronously pumped OPOs. It will be introduced,
also, a formal description of mode-locked laser beams, both from a classical and quantum
point of view. Being made of a large number of longitudinal modes of the laser cavity,
we address the question whether or not mode-locked beams are multi-mode and introduce
some tools, developed in the context of quantum imaging, for discerning multi-mode from
single-mode light. In the third chapter we will present a complete multi-mode quantum
model for different typologies of degenerate type I SPOPOs. We will consider both ring
and linear geometries and both singly resonant (for the signal field) and doubly resonant
configurations for the resonator. The fourth chapter is dedicated to the study of the clas-
sical linearized dynamics of the SPOPO in the below threshold regime, with a particular
attention to the influence of the typology of the non-linearity and of other experimental
parameters on the dynamics of the device. Finally in the fifth chapter we will approach,
from the quantum point of view, the multi-mode characterization of the output field of
SPOPOs. Starting, then, from the evidence of its multi-mode non classical character, we
will finally illustrate a general scheme for the engineering of multi-mode quantum states.



CHAPTER 1

Quantum optics in continuum variables

Contents
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1.3.1 Twinstates . . . . . .. .. L o 9
1.3.2 QND-correlated states . . . . . . . .. ... .. .. ... .. ... 10
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1.3.4 Inseparable states . . . ... .. ... ... ... .. 10
1.3.5 Squeezing and entanglement . . . . . . . ... ... L. 11

1.4 Parametric generation of non-classical states . . . ... ... .. 11

Uantum fluctuations and correlations of variables of the electromagnetic field with a

continuous spectrum have been extensively studied in the field of quantum optics.

The capacity of manipulating them is witnessed by results such as squeezing of

light TSlusher1987], generation of twin beams [Heidmann1987, Fabre1989], quantum non-
destructive measurements [Roch1997, Grangier1998].

The great variety of practical applications of quantum systems to the exchange and
treatment of the information has lead, in the past years, to the birth of the domain of
quantum information and communication. Initially, protocols adapted to this purpose
were realized by manipulating systems for which the possible results of a measurement
can assume only discrete values, like as particles of spin 1/2, two level atoms or the polar-
ization of a photon. Nevertheless, more recently, the possibility of coding an information
by means of the quadratures of the electromagnetic field (phase or amplitude, for ex-
ample) or by means of the collective angular momentum of an ensemble of atoms made
quantum systems with continuous variables more and more appealing. This was confirmed
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by the experimental demonstration of teleportation, dense coding and entanglement with
continuous variables systems, which presents different advantages with respect to discrete
variables like as the simplicity to produce, manipulate and detect the corresponding quan-
tum states.

In this chapter we will shortly introduce some basic aspects of quantum optics in
continuous variables with a particular attention to non-classical two-mode correlations.

1.1 Quantization of e.m. field in continuum variables

A single mode of the electromagnetic field corresponding to a plane wave propagating
and polarized along well established directions and oscillating at a frequency w can be
classically described as the real part of a complex number:

E(t) = Eo (t) e~ + E} () et (1.1)

where Ey = |Ey (t)| e~**®) is its slowly varying complex envelope at the carrying frequency
w. This expression can be recasted after the introduction of the two terms in quadrature
X (t) and P (¢):

E (t) = X (t) cos (wt) + P (t) sin (wt) (1.2)

where:
X (t) = |Eo ()] cos (¢ (1))
P (t) = [Eo (t)[sin (¢ (1))
In Heisenberg’s representation, the description of a quantized field is made by means
of the construction and destruction operators @ and af associated to the considered e.m.

mode:
Et)=a(t)e ™ +af () e (1.3)

where @ (t) and a' (¢) satisfy the commutation relation:

[& (t),al (t’)} =5(t—1t) (1.4)

The choice of the quadrature components is arbitrary because it corresponds to a particular
definition of the Fresnel reference frame. In this way it is possible to define, in a general
manner, a couple of conjugated quadratures as:

Xo®)=a(t)e ™ +al (t)e?

5 j ; 1.5
Py(t)=—1i (d (t) e _ 4t () ez@) (1.5)

In the case where the field has a non-null average, the couple of conjugated quadratures
for 6 = ¢ is privileged respect to the others and corresponds respectively to the amplitude
and phase quadrature.

Quadrature operators are simply dimensionless form of position and momentum op-
erators corresponding to the harmonic oscillator associated to the field mode during the
quantization formalism. Their commutation relation is:

X (0), P ()] =26 (1) (1.6)
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1.2 Fluctuations of the e.m. field

A non-null commutator implies a lower limit to the product of the variances which im-
plies the existence of a Heisenberg’s uncertainty relation for the two conjugate quadrature
operators:

(A2Xg)V(A2B) > 1 (1.7)

This means that, even in principle, it is not possible to measure at the same time with
an arbitrary precision the two quadratures as a consequence of the fact that quantum
fluctuations are an intrinsic property of physical observables.

In the Fresnel reference frame, a classical field like the one in Eqgs. (1.1) and (1.2) is
represented by means of its quadrature components Xy and Py as a vector whose the norm
and angle represent respectively the field amplitude and phase (see figure). The quantum
nature of the light, however, is at the origin of fluctuations around the mean value repre-
sented by the classical amplitude and phase of the field thus producing a distribution in the
Fresnel reference frame for repeated measurements. The properties of such a distribution
is completely determined by means of its moments, but in general for the states that will
be presented in the following it is enough the first and the second moments, respectively
the mean value and the variance of the distribution. In general the distribution is not
homogeneous, therefore variances of all quadratures should be determined by performing
a tomography of the specific state.

1.2.1 Vacuum and coherent states

The quantification of the electromagnetic field brings to an exact parallelism between the
dynamics of each electromagnetic mode and the dynamics of a harmonic oscillator. Clas-
sically speaking, the state corresponding to the minimum allowed energy is referred to as
vacuum state in the sense that there is absence of any excitation. In a quantum framework,
even if the expectation values of position and momentum operators in the vacuum state
are zero, Heisenberg’s inequalities fix a minimum bound for the product of their variances.
Zero-point fluctuations have a number of consequences such as spontaneous emission, the
Casimir effect, the Van-Der Waals bonds, the Lamb shift, all phenomena experimentally
tested with success.

The vacuum state is a minimal incertitude state for which Eq. (1.7) becomes an
equality and all the quadrature components have the same variance A2Xy = A2P) =
1. The fluctuations corresponding to the vacuum state are referred to as the standard
quantum limit or shot-noise and are reference for a long time considered an ultimate limit
now overcome by non-classical states.

To the class of minimal incertitude states belong in general the coherent states of which
vacuum state is a particular case. Differently from the latter, their mean photon number is
not zero. Introduced by Glauber in 1963 [Glauber1963], coherent states are the one whose
properties better approach that of the classical field of stable amplitude and fixed phase.
According to the idea that a coherent state corresponds to the vacuum state but of a
non zero excitation, their formal expression can be obtained by applying the displacement
operator:

D (a) = edl —ata (1.8)
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where a € C, to the vacuum state |0):

) = D (a)0) (1.9)

The first and second moment for the number operator N = ala are:
(N) = |af? (1.10)
<A2N> = (N)2 + (N) (1.11)

Eq. (1.10) clarify how |«/| is connected to the amount of excitation (the number of photons)
of the considered e.m. mode, while Eq. (1.11) is the typical expression for poissonian
probability distributions. In fact the probability of finding n photons in the mode is given
by:

A

—ny ()"
n!

P(n)=|(n|a)f* =e (112)

that is the typical distribution of completely aleatory events.

1.2.2 Squeezed states

If Heisenberg’s inequality fixes a lower bound for the product of the variances for a given
field state, on the other side it does not fix any constraint on the individual variances. The
homogeneity of conjugated quadratures respect to any choice of the angle # can be then
not verified and state for which one of the two quadratures presents fluctuations below the
shot-noise are possible at the price that the conjugated quadrature presents fluctuation
amplified at least as much the fluctuations of the other quadrature have been reduced
respect the standard quantum limit. Such states are called squeezed states and their
fluctuations in the Fresnel reference frame have a Gaussian distribution characterized by
the two widths corresponding to the variances respectively of the reduced and the amplified
quadratures (see figure). In this case the probability of finding n photons in a squeezed
state has a sub-Poissonian distribution. Squeezed states can be formally obtained applying
the squeeze operator:

1(Ara2-nat?)

S(A)=e (1.13)

with A € C, to a general coherent state |) = D (a)|0). As an example results only for the
vacuum state will be reported without loosing generality since the action of the D-operator
produce only a displacement proportional to the absolute value of the complex number «.
The expectation values of the quadrature operators defined in (1.5) for vacuum squeezed

A~

state |[A) = S (A)|0) are:
(A|Xp|A) = (A|Py|A) =0 (1.14)

and, setting A = (e, the corresponding variances are:

(A?Xg) = e*sin? (

—0) + e X cos? (g —0) (1.15)
(A?Yy) = e*cos® (5 — 0 g 0

) + e~ %sin? (

NSRS
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1.2.3 GHZ states

Greenberger-Horne-Zeilinger states (GHZ) are states that involve many subsystems (for
example particles) and have extremely non-classical properties. For an ensemble of N
qubits states, if the Hilbert space of the k-th subsystem is Hy, a GHZ state living in the
space Hp = H1 ® ... ® Hy can be expressed:

IGHZ) = — (|0...0) +[1...1)). (1.17)

€
V2
1.3 Quantum correlations

In 1935, Einstein, Podolsky and Rosen proposed a thought experiment by means of which,
using a special two-particle quantum state owing perfect correlations in position and mo-
mentum, they raised the problem of the completeness of quantum mechanics. The EPR
experiment, in fact, brings to the dichotomy according to which either the measurements
performed of one part A of the quantum state has a non-local effect on the physical reality
of the other distant part, in the sense that quantum mechanics can predict outcomes of
some measurements carried out at B, or quantum mechanics is incomplete in the sense
that some element of physical reality corresponding to the cannot be accounted for by
quantum mechanics (that is, some extra variable is needed to account for it).

If the hypothesis of the incompleteness of quantum mechanics is accepted, “hidden”
variables obeying to some classical probability distribution law should be introduced in
order to complete the theory. As proven by Bell [Bell1964] and after confirmed in many ex-
periments [Aspect1981, Aspect1982, Incompleteness], local causality cannot be maintained
even considering a local hidden variables model.

The consequence is that quantum mechanics is a non-local theory and entangled quan-
tum states such the one proposed in the thought experiment by EPR reveal to be an
essential resource in information processing.

The following is a rapid summary of the more complete review [Treps2004] of some
criteria commonly used to recognize quantum correlations.

1.3.1 Twin states

Let’s consider two modes 1 and 2 that can be spatially separated and the two corresponding
quadratures Xi, i=1,2.

The variance on the difference operator X_ = X; — X defines a quantity known as
“gemellity” (“twinship”) that is a measure of correlations that exist between the fluctuation
of the two quadratures:

A2X_)  (A%(X) - Xy))

_ S _
G="—F— = 5 (1.18)

If G < 1, or equivalently the gemellity is below the quantum standard limit, the measured
correlation cannot be explained by a model involving only classical fluctuations and the
two modes are said to be twin.
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1.3.2 QND-correlated states

A QND measurement consists in performing a measure on a first system highly correlated
to a second one in order to extract information from the latter without perturbing it. If
the quadratures X; and X5 of two distinguishable modes of the e.m. field are perfectly
correlated, a QND measure will thus permit to obtain without incertitude the expectation
value of X5 by measuring the first quadrature.

The estimator for a QND measure is given by the conditional variance of Xy

2 BB A2y (OP1OPy)?
(A%(R|Py)) = (A% Py) T Ahy)

(1.19)
where 6P; = P; — (B;). If (A2(Py|P1)) lower than the shot-noise then the measure is QND
and it is the mark that there are quantum correlations between the two modes.

1.3.3 EPR correlations and Reid’s criterion

The paradox as originally proposed by EPR considered two causally separated particles
whose position and momentum operators (represented by X A, PA, Xp and PB) are, respec-
tively, perfectly correlated and anti-correlated. By virtue of their correlation, a measure
of X4 gives with certainty the position of the particle B without perturbing the system.
Thus, it must exist an element of reality associated to the position of B. An analogous
reasoning imply that also the momentum Pp has a predetermined value. But in quantum
mechanics the position and momentum of a system cannot have definite values at the
same time: the paradoxical situation led EPR to conclude that quantum mechanics is not
complete.

The EPR thought experiment was, after, extended by Reid [Reid1989] to contin-
uum variables optical systems envisaging an experimental implementation. According
to Reid’s argument, EPR paradox can be directly obtained by means of not maximal
correlations/anti-correlations between the conjugated quadratures of two optical modes.
In this case there will be an error in deducing information about the first system by a
measure on the second one. However, it is still possible to obtain a paradox provided
that the product of the inferred variances on the conjugated quadratures is small enough
compared to the Heisenberg’s uncertainty bound. This is equivalent to require that:

(A2(X| X)W (A2(Py] Py)) < 1 (1.20)

1.3.4 Inseparable states

A more general class of quantum states whose EPR states are a subset are the non-
separable states. A bipartite system completely characterized by its density matrix p is
said to be not separable if:

pFE D pipi @ piy (1.21)
i

where p;, and p;, are the density matrices of modes 1 and 2 and p; the associated probabil-
ities. Several criteria have been proposed to investigate separability of the mixed states for
continuum variables systems [Duan2000, Simon2000, Mancini2002] and a unifying criterion
has been proposed by Giovannetti et al. [Giovannetti2003].
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1.3.5 Squeezing and entanglement

There is a close connection between squeezing and entanglement. Let’s consider a 50/50
beam splitter on which are mixed two beams represented by destruction operators a; and
as. The transformation induced by the beam splitter is:

. a1 + as
CL(+) = \/§ (1.22)
; L (1.23)

a(-) = NG
The variances of the two conjugated quadrature operators of the sum and difference modes
are therefore:

<A2P(,)> — <A2(P12_ p2)>

(A2(X1 + X))
2

(1.24)

(AX (1) = (1.25)
If the modes 1 and 2 are EPR correlated then (A%(P; — Py)) — 0 and (A2(X; + X)) — 0,
and the sum and difference modes result squeezed. Inverting the relation (1.22), it is
easy to show that two EPR correlated states can be obtained by mixing at a 50/50 beam
splitter two squeezed modes.

Let’s consider, now, the photon-pair operator

A(afal—aras)

Sy(A) =e (1.26)

with A € R. Eq. (1.26) is a generalization at two field modes of Eq. (1.13) and it
creates a pair of entangled photons in the modes 1 and 2. Its action on the vacuum state
|0) = ]01,02) produce the entangled state [Banaszek1999]:

e}

9= o > (tgh &) o) (1.2
n=0

which is the eigenstate of the operators X1+ X, and P, — P». For A — +00, |[t) converges
to a maximally entangled state that is the continuum variables parallel of a bidimensional
GHZ state (1.17) [Walls, vanEnk1999]:

) = [ dalonla)s = [ dpiphl = pha = > Inhi | (1.28)
n=0

It corresponds exactly to the state used by EPR in their paper of 1935 [EPR].

1.4 Parametric generation of non-classical states

The first example of non-classical state can be even dated back to 1927, when Kennard
[Kennard1927] considered the evolution on time of a generic Gaussian wavepacket. How-
ever only after applications for squeezed light were proposed in the 1980’s squeezing was
studied in more detail. There has been a whole variety of successful demonstrations of
squeezed states in several non-linear physical systems, such as four-wave mixing, optical



12 Chapter 1. Quantum optics in continuum variables

parametric amplifier, optical fiber, cold atomic vapors. The first demonstration have been
done by Slusher et al. in 1985 using four wave mixing in a sodium vapor [Slusher1985].
The latest best result reported amounts to 10dB [Vahlbruch2008].

In general, the propagation of e.m. field through a dielectric medium induces the
macroscopic polarization whose components are given by the convergent series of powers
of the electric field:

1 2 3
P, =¢ Z Xz('j)Ej + €9 Z ng])cEjEk + €9 Z Xz('jl)clEJEkEl + ... (1.29)
J gk 7.kl

for i,7,k,l € {x,y,z}, and where ¢y is the dielectric permittivity of vacuum. The first
term y(!) is connected to the linear properties of the medium such as its refraction and
absorption index. For low intensities, the y(!) E term is bigger the the others terms of the
series and the propagation of e.m. field is linear. For high intensities, instead, the others
terms cannot be neglected and non-linear phenomena of wave mixing (sum and difference
generation, harmonic generation) become more relevant. Since polarization behaves as
a source term for the em. field, n > 1 order terms induce a non-symmetric dynamics
and modify the statistics of its components. Therefore non-linear crystals behaves as a
phase-sensitive amplifiers and can produce deamplification (squeezing) or amplification
(anti-squeezing) of fluctuations of the field quadratures.

Among a whole variety of non-linear processes (based on second- and third-order non-
linearities), an interesting case is the parametric down conversion, where a strong pump
field at frequency wj, and a weak field (seed) at frequency ws are injected into a non-linear
crystal. Due to ¥ non-linear effect, the two field “mix” inside the crystal and a weak
field at frequency w; = w, — ws is generated by the polarization:

PP (w, —w,) = exPE,E? (1.30)

In a quantum picture, the same process can be depicted as the absorption by the crystal
of the pump photon that excites a virtual level and the successive decay by two photon
emission at frequency ws and w; stimulated by the presence of the weak seed field. The
energy and momentum conservation requires the generated photons to satisfy the relations:

Wp = Ws + W (1.31)
kp = ks + k; (1.32)

In the interaction picture, the Hamiltonian describing the quantum evolution of parametric
conversion involves a destruction operator of one pump photon a, and two construction

T T

operators of a signal and a idler photons, respectively as and a; mediated by the non-linear

interaction parameter X(Q):
it = it (ayala] - abasa) (1.33)

In many practical cases pump field can be considered a classical one in the limit its
intrinsic fluctuations and the fluctuations induced by the down-conversion in signal and
idler photons are negligible respect to its intensity. That amount to require the hypothesis
of strong coherent pump field and low depletion of the pump field. In such eventuality,
the quantum operator a, can be substituted by a “classical” complex number A, because
pump field is a strong coherent and the Hamiltonian is linearized in:
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iyt = it (Apalal — Ayaa ) (1.34)

Therefore, the unitary evolution of a vacuum input state |0) = |04,0;) will produce
an entangled state as the one (1.26) discussed in subsection 1.3.5. In an analogous way,
if signal and idler modes are indistinguishable, thus a; = as, the unitary evolution of a
vacuum input state will produce a signal squeezed state like the one in (1.13) discussed in
section 1.2.2.

The quantum properties we summarized here for the case of single-mode beams, in
particular entanglement and squeezing, are at the basis of the quantum effects in multi-
mode systems we are going to discuss in the following chapters.
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N this introductory chapter we briefly introduce synchronously pumped OPOs and
I tools useful to describe quantum effects in SPOPOs. We will see that, in condition of
synchronization, when a OPO cavity is pumped by a mode-locked laser, its properties
of inter-pulse coherence are preserved inside the cavity and the intra-cavity fields generated
by parametric conversion can still be considered mode-locked. Then, their description can
be made, in a compact way, by means of frequency combs that are the coherent super-
position of optical frequencies. This picture is extended to the quantum domain, by the
introduction of appropriate monochromatic operators. Being the superposition of several
modes (which are the degrees of freedom of the system), we address the question whether
or not a frequency comb is multi-mode. In analogy with the study of “multimodicity”
of images in the context of quantum imaging [Treps2005], we find that, from a classical
point of view, a mode-locked beam can always be depicted by a single mode, but that the
answer is not trivial from a quantum point of view, being this last case the object of a
deeper study in Chapter 5.

15
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2.1 Synchronously Pumped Optical Parametric Oscillators

Optical Parametric Oscillators are among the best sources of squeezed [Wul986],
[Takeno2007, Vahlbruch2008], correlated |[Heidmannl987, Laurat2003] and entangled
[Ou1992] light in the so-called continuous variable regime. They have allowed physicists
to successfully implement demonstration experiments for high sensitivity optical measure-
ments and quantum information protocols. In order to maximize the quantum effects,
one needs to optimize the parametric down-conversion process. This has been achieved
so far by using either intense pump lasers or resonant cavities. Having in mind that the
parametric process is an almost instantaneous one, femtosecond mode-locked lasers are
the best pump sources in this respect, as they generate very high peak optical powers with
high coherence properties. Furthermore, they minimize the thermal effects in the linear
crystal which often hamper the normal operation of parametric devices.

Mode-locked lasers have been already used extensively to generate non classical light,
either to pump a parametric crystal [Slusher1987, Shelby1992] or an optical fiber
[Rosenbluh1991]. However in such single-path configurations, perfect quantum proper-
ties are only obtained when the pump power goes to infinity. This is the reason why
mode-locking is often associated to Q-switching and pulse amplification [Levenson1993] in
order to reach even higher peak powers, at the expense of a loss in the coherence proper-
ties between the successive pump pulses. In contrast, intracavity devices produce perfect
quantum properties for a finite power, namely the oscillation threshold of the device. It
is therefore tempting to consider devices in which one takes advantage of the beneficial
effects of both high peak powers and resonant cavity build-up. Such devices exist: they
are the so-called synchronously pumped OPOs or SPOPOs (see Figure 2.1). In a SPOPO
the cavity round-trip time is equal to that of the pumping mode-locked laser, so that the
effect of the successive intense pump pulses add coherently, thus reducing considerably its
oscillation threshold.

Such SPOPOs have already been implemented as efficient sources of tunable ultra-
short pulses [Piskarskas1988, Edelstein1989, Mak1992, Maker1990, Ebrahimzadeh1991,
McCarty1992] and their temporal properties have been theoretically investigated
[Cheung1991, McCarty1993, Becker1974]. Let us mention that mode-locked OPOs have
also been developed: in such devices, the cavity is resonant only for the signal modes
and idler modes, and the pump pulses are not re-circulating. Mode-locked OPOs have
been used to generate picosecond pulsed squeezed light in a degenerate configuration

Mode-Locked

Laser Pump pulses OoPO
l I '

Figure 2.1: Synchronously pumped OPO.
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[Shelby1992] or in quasi-degenerate configurations [Forget2006].

In this thesis we will present a complete multi-mode quantum analysis of degenerate
SPOPOs and show theoretically that these devices are very efficient to produce squeezed
states and that squeezing is effective not just in a single frequency mode but instead in a
whole set of “super-modes”, which are well defined linear combinations of signal modes of
different frequency.

2.1.1 Experimental implementation of a SPOPO

The theoretical study presented in this manuscript has been developed in the context of a
more general analysis about dynamical and quantum properties of SPOPOs. In this same
context, indeed, Olivier Pinel, Benoit Chalopin and Nicolas Treps, from the quantum optic
group directed by Prof. Claude Fabre at Laboratoire Kastler Brossel, are experimentally
implementing a synchronously pumped OPO. It is quite natural, therefore, that both the
theoretical and the experimental works benefited from an intense mutual support. From
the point of view of this work, the experimental setup represented a guide line in all those
choices that are involved in modeling of a real system. Hence, it is worth to present in this
section a brief description of the SPOPO device experimentally implemented and sketched
in Figure 2.2. The experimental device is based on a Ti:Sa mode-locked laser generating
a c.w. train of 100fs pulses at 800nm with a repetition rate of about 80MHz. A part of
its output is doubled by a simple passage frequency double based on a bismuth borate
BiB30¢ (BIBO) crystal. The 400nm beam produced is then used for pumping a 2m linear
cavity OPO which exploits the nonlinearity of a BIBO crystal. A critical point for the
functioning of a SPOPO is the synchronization between the pumping laser and the OPO
cavity. In the time picture, the round trip time of the signal pulse circulating inside the
cavity has to be equal to the temporal inter-pulse separation of the mode-locked pump. If
this condition is satisfied, the signal field will benefit not only from the cavity feed-back
but also from the coherent superposition of successive pump pulses. As an effect, the
efficiency of the device increases and the threshold lowers. In this condition, a description

Femto second Laser Spatial
2W at 795nm pulse shaper

100fs - 76 Mhz

Vi

]
| delay line
|

Frequency = |

doubler !

(BiBO) N ! EOM
|
|
|

T

omodyne
etection

Pump field phase BiBO

Q

PO}ty e

Drever-Pound-Hall
locking

Figure 2.2: Experimental implementation of a Synchronously pumped OPO (This figure
has been kindly provided by O. Pinel).



18 Chapter 2. Quantum optics with trains of ultra-short pulses

in terms of frequency combs is allowed also inside the cavity. It is clear, then, that the
synchronization condition, in the frequency domain, corresponds to requiring the signal
field comb to be resonant with the cavity. This synchronization is performed by locking
the OPO cavity length to the mode-locked cavity length by means of the Drever-Pound-
Hall method [Drever1983]. However, for ultra-short pulses the dispersion caused by the
nonlinear crystal represents a serious problem because their broadband spectrum. The
solution consists in introducing in the cavity some dispersive elements (like prisms or
gratings) in order to compensate the crystal dispersion.

Differently from what we considered in the model, the experimental realization of the
SPOPO considers also a small injection of the field at 800nm (the signal field). This
solution has two practical implications: it makes easier both the alignment of the cavity,
since the signal field is not in the vacuum state, and the configuration of the OPO working
point. Therefore another small part of the Ti:Sa laser is sent into the cavity through a
delay line which is needed for synchronizing the pump pulse and the seed pulse. Instead,
by means of a piezoelectric crystal, it is possible to control the relative phase between the
pump and the seed and, thus, change the quadrature of the signal field that is amplified.

The output signal field is detected, then, by means of a classical homodyne detection
scheme where the local oscillator consists of a third part of the output of the Ti:Sa mode-
locked laser. In order to detect with the best efficiency the quantum properties of the
signal field, the frequency comb describing the local oscillator field has to be matched
to its frequency comb. The mode matching is realized by means of a pulse shaper. It
consist of a first dispersive element such as a grating or a prism that spatially separates
the frequency constituting the incoming optical pulse. Then a spatial light modulator can
control, for each frequency' component, the phase and/or the amplitude of the beam in
order to give it the wanted spectral shape. Then the frequency components are recombined
at a second dispersive element.

Up to now, the goals that have been successfully achieved are the frequency doubling
of 400nm beam, the synchronization between the OPO and the Ti:Sa laser cavity and the
phase-sensitive amplification of the seed beam.

2.1.2 Mode-locked laser sources

The use of the output field of a mode-locked laser for pumping an OPO cavity reveals the
double advantage of producing broadband non-classical field and increasing the efficiency
of the parametric conversion thanks to the coherence properties between each pulse of
mode-locked beam. In this section we will present the main features of mode-locked field
and show that, thanks to their inter-pulse coherence, they can be described in a compact
way by means of a comb of frequencies in the Fourier space.

In a simple laser, generally, each of the lasing longitudinal modes oscillate indepen-
dently with no fixed relationship between them and with randomly varying phase. Con-
sequently, their incoherent interference will produce a averaged almost constant output
intensity known as c.w. operation. On the other hand, mode-locked lasers generate a
train of short optical pulses by establishing a fixed phase relationship between all of the
lasing longitudinal modes. Having well established phase relations, these modes will con-

n fact, since the spatial light modulator is made of a discrete number of pixels, it modulates the
phase/amplitude over a small interval of spectral frequencies.
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structively interfere generating a beating effect that, for a huge number of lasing modes,
will result in a train of very intense and short pulses equally spaced in time with period
Trep-

The output field can be depicted, in the temporal domain, by an optical wave with
carrier frequency w. and envelope A(t):

E(t) = A(t)e ™ 4 c.c. (2.1)

Since the train of pulses is periodic in time A(t) = A(t — Tiep), one can decompose it on
a discrete Fourier basis:

Blt) = 3 Ayt 4 . 22

where A, are the Fourier components of A(t) and wyep = 27/T}ep. The spectrum of the
output of a mode-locked field is, therefore, represented by a comb of equally separated
frequencies around we:

W, = We + MWrep- (2.3)

Notice that this result have been obtained under the assumption of identical pulses. Gen-
erally, for any pulse shape, there exists a carrier-envelope phase A¢e. that corresponds
to the phase shift between the peak of the envelope and a given wavefront of the carrier
wave. In presence of dispersive material, the difference between group and phase velocities
is at the origin of A¢e.. After a round-trip, in fact, the phase accumulated between the
envelope and the carrier is:

1 1
Apee = ( — ) Lw: mod 27, (2.4)

Vg Up
where vy and vy, are, respectively, the group and phase velocities and L is the length of
the laser cavity. The consequence is that the phase carrier-envelope induces a rigid shift

of the frequencies of the comb by an amount w¢. that is linked to w. through the relation:
Wee = — Ao (2.5)
m

There exist different mechanisms for locking the phases of lasing longitudinal modes
based on active or passive phase modulators. Currently the generation of ultra-short pulses
is dominated by the Kerr-lens mode-locking. This method exploits the variation of the
refraction index inside the gain medium (usually Ti:Sa) across the beam profile by optical
Kerr effect. For a Gaussian beam (as found in laser resonators), then, the center of the
beam will experience a greater refractive index than the low intensity tails, thus inducing
a greater focalization. In this way, the amplification of short intense pulses will be favored
with respect to the c.w. solutions.

2.1.3 Quantum description of c.w. trains of pulses in time domain

The evolution of a linearly polarized electric field operator E(f',z,t) in the Heisenberg
representation [Cohen-Tannoudji] can be described in terms of its positive frequency part
and its Hermitian conjugate as follows:

E(Ft) = u [ED 76)+ EO T (7 0)], (2.6)
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where u, refers to the direction of polarization. Since we will consider in this manuscript
a field that propagates as a plane wave along the axis u, at the frequency wy and with a
transverse dimension of A, the field operator can be written in the form:

EM (z,t) = EH) (2, 1) e 0(t72) (2.7)

where the quantity e=®0(t=%) is the carrier for a wave propagating in vacuum along the
z axis at the speed of light ¢ and EH) (z,t) is the envelope field operator.
The quantization of the electric field in the free (one-dimensional) space is given by

\/; / Vw(k) a(k)etkE=e), (2.8)

where a(k) and af(k) are the annihilation and creation operators of a photon with wave

the corresponding operator:

number k. These operators satisfy the following commutation rules:

[a(k:), aT(k/)} =5k — k),

la(k),a(k")] =0, (2.9)

Then, by writing, for an electric field propagating with carrier e ~**0(2=¢) "itg envelope as:

hw
¢ (+) = Q
E (z,t) = 2€0Aa(z,t), (2.10)
the expression of the operators a(z,t) can be derived from Eq. (2.8):
(k)e!((k—ko)(z=et), 2.11
/ o ( ) (2.11)

The corresponding commutation rules are straightforwardly obtained from Eq. (2.9):

~ N dk (A)(k) ; / ’
T | — G V) i(k—ko)((z—2")—c(t—t"))
[a(z,t),a (')t )} =] Vo w e . (2.12)

Since we will deal only with c.w. mode-locked optical beams, it is worth to adapt the
notation for the quantized fields to the notation for frequency combs. We have to pass,
thus, to a discrete formulation of the operator a (z,t). Let’s write the integral as a sum
over intervals of width Ak and centered at k, = ko + rAk, being r € Z. Thus (2.11)

becomes:
kS

d(Z,t) — a—tko(z—ct) Z/ CL k’) ik(z— ct) (2'13)

Let’s define, now, new operators:

dk
r V2T

ethrz=elg (2 4) = a(k)etkz=ct), (2.14)
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where the subscript r of the integral denotes the interval [k, — Ak/2,k, + Ak/2]. They
verify the usual boson commutation rule:

[ar(zl,tl), 1,(22,152)} = ie i(kr—k,1)(z1—22—c(t1—t2)) X

X /dk/ dk’ a AT(k/)} eik(z1—ct1) o —ik'(z2—ct2)

_ 76—7,]6 (z1—2z2—c(t1— tz))dr o /dk‘ e’ik‘[z1—22—c(t1—t2)}
2m R
sin [AZk (21 — Z9 — C(tl - tg))]
T ™ (Zl — 29 — C(tl — tg))
~ (5,«771/5 (21 — Z9 — C(tl — tg)) . (2.15)

In order to arrive to Eq. (2.15) we used Eq. (2.9) and kept in mind that the §,,» term
appears because the double integral vanishes if 7 # 7’ since the integration domains in k
and k' are not overlapping in that case. Hence the operators (2.11) can be expressed as a
discrete superposition of the boson operators a,(z,t):

= ayeithrho)z=el), (2.16)
that used in Eqgs. (2.7) and (2.8) gives the electric field:

. I, ,
E(+) — 0 iy ikr(z—ct) 21
(z,1) Z”QE()A Er are , (2.17)

which is consistent with the classical expression for the mode-locked field (2.2).

2.1.4 A different modal decomposition of the electromagnetic field: the
temporal Gaussian modes

Either in space or time or space-time domain, the wave equation in a dielectric medium
for electric components admits, for propagation in vacuum (or linear propagation in a
dielectric medium), a modal decomposition of the electric field on several complete set of
functions {uy} which correspond to the monochromatic solutions of the Maxwell equations
for given boundary conditions. While the previous method does not keep in account
the propagative aspects of a e.m. field, it is possible quantize it by associating to each
eigenmode of the propagation a quantum operator [Walls]. In time domain the linear
propagation in a dispersive medium along the z-axis of the slowly varying field envelope
Sy (z,m) in the plane wave approximation is given by:
2

<z‘g§7}2 + 882) E(zm) =0 (2.18)
where ) = t — z /v is the reduced time in a frame of reference co-propagating with the e.m.
wave-packet, v is the velocity of light for the considered dispersive medium and ¢ is the
group velocity dispersion evaluated at the carrier frequency. Together with the boundary
conditions imposed by a usual optical cavity, Eq. (2.18) admits a complete set of modes
{ug (z,m)} that are given by the 1-dimensional Gauss-Hermite functions:

1/4 1/2
ug(z,1m) = (i) (2’“k!> QA (\f’7> N +Z29R(Z)+Z(n+l)¢(z) (2.19)

Vw(z) w(z)



22 Chapter 2. Quantum optics with trains of ultra-short pulses

where:

ZR
2
R(z) =2+ R
< (2.20)
1 (z) = arctan < - > ,
<R
2
_ %
ZR = 2
These modes are orthogonal to each other:
+oo
/ dnu(z,m)w(z,m) = Ok, (2.21)
and satisfy the relation of completeness:
D iz mulz,n') =6z = 2)s(n — ). (2.22)

k

The field envelope can be, thus, expanded on this basis:

g (Z777) = Zakuk('zan)' (223)
k

In a quantum picture, each mode ug(z,n) can be associated with an independent quantum

oscillator so that the complex coefficients a; are replaced by the operators i,/ 2“’7(’; ap, where

ap and dL is the set of photon creation/annihilation operators in each mode. Then, from
Eq. (2.7), the modal decomposition for the electric field reads:

5 . [ hwy
E(zm) = z%: ?gakuk (z,m) . (2.24)

Therefore, in a general way, the e.m. field can be decomposed into a linear superposition of
several modes as many as the number of degrees of freedom needed for giving a complete
description of it. Is such number the least dimension of the Hilbert space in which the field
“lives” needed? The answer to this question will clarify the differences that occur between
simple-modal systems and multi-modal ones and provide a criterium for distinguishing the
two cases.

2.2 Multi-mode light

In the domain of the continuous variables (CV) quantum optics, the use of macroscopic
intense optical beams involves a huge number of photons so that they cannot be individu-
ally distinguished, and a statistical characterization of their quantum fluctuations has to
be privileged. Therefore, with respect to regimes with a very small number of photons, a
larger variety of non-classical states can be produced like, for example, squeezed or entan-
gled states usually by means of sources based on the non-linear parametric interaction. To
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this purpose, the most reliable and exploited sources are the optical parametric oscillators.
However, the non-linearities involved and the detection techniques adopted usually allows
for no more than small quantum fluctuation, thus preventing the possibility to realize
quantum states with negative Wigner function. Nevertheless, the richness of quantum
states that can be generated by OPO based sources and of the number of applications can
be enlarged, in spite of this limitation, by multiplying the number of “modes” or degree
of freedom at stake in the process of detection. This is the domain of the multi-mode
quantum optics.

On one hand, the multimodal complexity has great potentialities for applications con-
cerning the quantum treatment of the information like, for example, the increasing of
storage and transfer of information, the generation of more robust entangled states, the
parallel treatment of the information. On the other hand, multi-mode optical systems can
improve the precision measurements in the domains of imaging and metrology.

During recent years, spatial quantum optical effects, usually called quantum imaging ef-
fects, has witnessed a growing interest since the generation of spatial correlations of spatial
squeezing in the transverse plane can find application in the detection of small transverse
displacement and tilt of an optical beam surpassing the standard quantum noise limit
[Treps2002, Treps2003, Delaubert2006], detection of weak phase images [Lugiato2002],
quantum teleportation of optical information [Sokolov2001], transverse spatial quantum
correlation for transmission of images [Gigan2006] and noiseless image amplification
[Kolobov1995, Lopez2008]. On the other hand, it was already known that that the in-
troduction of spatial features in the transverse plane of laser beams can lead to parallel
information processing and multichannel operations [Caves1994], thus allowing the imple-
mentation of quantum protocols such as quantum entanglement, quantum cryptography,
dense coding and quantum teleportation [Lassen2007] that already have been demon-
strated in the simple-mode regime [Oul1992, Silberhorn2001, Mattle1996].

In problems concerning the characterization of an optical image and the extraction of as
much as possible of details from it, without knowing where they are placed, it is necessary
the use of detectors with a great number of pixels and and of superresolution techniques
[Kolobv2000]. In these cases, differently from the detection of small displacements and tilt,
where a small number of degrees of freedom are involved, the absence of an a priori informa-
tion does not allow to know the form of the modes in order to optimize the signal-to-noise
ratio. Consequently, one needs to simultaneously reduce the noise in all the degrees of free-
dom of the optical beam. Such situation can be reproduced in configurations of degeneracy
with respect to all the modes involved. In the context of optical images, a successfully
scheme, exploited for obtaining this, concerns OPO cavities which are degenerate for a
large number of transverse modes [Gigan2005, Martinelli2003, Lopez2005, Lopez2008].
For these systems, the amplification/de-amplification, affected by a noise lower than the
standard quantum limit, of an optical image prove their quantum multi-modal character.
The results obtained in Section 2.1 authorize to depict the output field of a mode-locked
laser by means of a comb of optical frequencies which, in the time domain, corresponds
to a train of short pulses that are coherent each other. From the point of view of the
frequencies, then, there is a perfect analogy with the optical images, since an image can be
considered as the coherent superposition of several transverse modes. In the light of these
considerations, a synchronously pumped OPO is a device potentially multi-mode since it
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is completely degenerate for all the frequencies of the comb that resonate simultaneously.
It is the goal of this work to understand whether or not a SPOPO is a multi-mode system
and complete, at least in part, the analogy with spatial multi-mode systems.

2.2.1 Single mode or multi-mode light

In this section we report a brief resume of a criterium which permits to precisely charac-
terize intrinsic single-mode and multi-mode light [Treps2005].

Classical approach

For a number greater than one of non null coefficients a, modal decomposition (2.23)
could induce to think that the field is multi-mode. In effect, if the a; coefficients are a
coherent superposition (and not a statistical one), it is always possible to define a new
mode:

o (2.25)

1

T:k il z@: QR

and build a basis {v;} in which v is the first element. Therefore, on a classical point

of view, an intrinsic multi-mode description of the e.m. field cannot exist, because, at least

for coherent modes superposition, it is always possible to find a new basis in which the

field is mono-mode. On the other hand, for a statistical superposition of modes the vector

vo () cannot be defined and the multi-mode character assumes an intrinsic meaning. In

time domain, for example, a mode-locked laser is a mono-mode system because it is the
coherent superposition of many temporal modes.

Single mode or multi-mode light: quantum approach

Let’s consider the most general state of the field in the Fock state basis | N1, Na, ..., Nk, ...),
where N stands for the number of photons in the field mode wy. It reads:

’w> - Z CNl?"'kav---|N17N27"'7Nk‘7"'>7 (226)
Ni,...;Ng,...

where {Cn, ... n,...} are complex coefficients of the decomposition in the Fock state basis.
Then, the mean value of the field envelope operator (2.17) (or (2.24)) can be written:

WIEW) =iy /52 D VN D Chnmi O | (227)
k

N1,....Ng,e..

Using these notations, we can give a definition of a single mode beam:

Definition 1 A state is single mode is there exists a mode basis {vo,v1,...} in which it
can be written:

) =1¢)®10,...,0,...) (2.28)
where |¢) is the field state in the first mode.

But does it exist quantum states that cannot be written as in Eq. (2.28)7 The answer
to this question is given by the following proposition:
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Proposition 1 A quantum state of the field is single mode if and only if the action on it
of all the annihilation operators of a given basis gives proportional vectors.

Leaving the details of the demonstration to the paper [Treps2005], let’s consider, here, an
example. Assuming that a state [i) with respect to the basis {ug, ax} reads as:

1) = [$1) @...0 |¢p) @ ... (2.29)

the action of the annihilation operators on it gives:

ap = ’¢1>®®(d1€’¢k>)® (2.30)

Consequently, there are only two possibilities to have all these states proportional: (i)
either only one of the projection is different from zero, which means we are already in the
basis in which the state is single mode, (ii) or all the states are coherent states. If, for
instance, one considers the superposition of several field modes, if at least one of them is
a non-coherent state, one gets a multi-mode quantum state.

One can characterize a beam which is not single-mode, by its degree N:

Definition 2 For a beam |¢), the minimum number of modes necessary to describe it (or
the minimum number of non-vacuum modes in its modal decomposition), reached by choos-
ing the appropriate basis, is called the degree N of a multi-mode beam. Any corresponding
basis is called a minimum basis for the field |1).

Accordingly, it can be shown that a quantum field is in a N-mode state if and only if the
action of all the annihilation operators belongs to the same IN-dimensional sub-space.

Among all the possible minimal basis, it exists a special one that will be called eigen-
basis or mean-field basis that verifies the following proposition

Proposition 2 For a state |¢) of degree N, it is always possible to find a basis {vk,Bk}
such that the mean value of the electric field is nonzero only in the first mode and it is a
minimum basis.

Starting from a minimal basis {ug, @}, such a basis can be obtained by means of the
following combinations:

1 =
Vg = —Z<dk>’u,k (2.31)

\ oo (@k)? k=0

N-1
Vko<k<N = Y kiU (2.32)
1=0

—

Uk,kZN = Uk (233)

where the coefficients {c;;} are chosen in order to get an orthonormal basis. Definition
(2.31) apply also for the annihilation operators by,.

In a classical sense the mean field is single mode because the only non null expectation
value is the one corresponding to the first mode while all the other modes have zero mean
value. However, the energy lying in all the modes labeled from 1 to N-1 is not necessarily
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zero. These states, in fact, are not necessarily traditional vacuum states. Although their
electric field mean value is zero, they can still correspond to squeezed vacuum states or
correlated vacuum states. Therefore, for a multi-mode beam, this description shows that
some of the modes orthogonal to the mean fields are sources of noise but do not contribute
to the mean value and, consequently, that the noise distribution in the profile of the field
is independent of the one of the mean field.

In the specific case of a SPOPO, from a classical point of view, if all the terms con-
tributing to the phase diffusion affecting a laser radiation and others technical noises can be
neglected, we can conclude that the intra-cavity mode-locked fields can always be depicted
by means of the mode corresponding to the mean field mode (2.25). On the other hand,
in a quantum picture, the multi-modal character of the fields has to be thoroughly inves-
tigated, since the modes orthogonal to vy can independently contribute to the temporal
distribution of quantum fluctuation.
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ynchronously pumped OPOs or SPOPOs, in the recent past, have been used for
generating ultrashort optical pulses of tunable wavelength or for efficient control-
ling of the pulse compression and their temporal properties have been theoretically
investigated (see for example Cheung et al. [Cheungl991]). A different application could
be addressed for the generation of non-classical states and implement demonstration ex-
periments for high sensitivity optical measurements and quantum information protocols.
Mono-mode cw OPOs have been already used for this purpose by exploiting the coher-
ence properties of the interaction (i.e. parametric down conversion) between a non-linear
medium and strong e.m. fields; in this way, squeezed, correlated, entangled light has been
produced in the so-called continuous variable regime. In order to maximize the quantum
effects, one needs to optimize the non-linear coupling. This has been achieved, so far, by
using either intense pump lasers or resonant cavities. In the first case, due to the fact
that parametric process is an almost instantaneous one, femtosecond mode-locked lasers
are the best sources because they generate very high peak optical powers with high co-
herence properties. Therefore, such a sources have been extensively used to generate non
classical light either by pumping a parametric crystal or an optical fiber. However in such
single-path configurations, perfect quantum properties are obtained only when the pump
power goes to infinity. On the other side, intracavity devices produce perfect quantum
properties for a finite power, say the oscillation threshold of the device. SPOPO devices
take advantage of the effects of both high peak powers and resonant cavity build-up. This
is efficiently achieved when the repetition rate of the pumping mode-locked laser is syn-
chronized to the round-trip time of the pump pulses inside the OPO cavity because of
their coherent superposition.

In this chapter the complete quantum model for a single-transverse mode, synchronously
pumped optical parametric oscillator (SPOPO) is addressed. We will consider high finesse
optical cavities, of either ring or linear geometry, pumped by a c.w. train of femtosec-
ond pulses (about 100fs). Two possibilities for pumping have been envisaged: either (i)
the pump is also resonated inside the cavity (doubly resonant case) or (ii) the cavity
is transparent for the pump (singly resonant case). For sake of simplicity, we will con-
sider quasi-degenerate collinear type I interaction in a y(?) non-linear crystal placed inside
optical cavity which is assumed to be dispersion compensated be intracavity dispersive
elements. This hypothesis will permit to assume all signal cavity modes equally spaced by
a common free spectral range.

In the below threshold regime and in the linear approximation, both singly resonant and
doubly resonant cases are described by formally identical models, so the results obtained
are in fact more general. We will extend our analysis to non-chirped pumps as chirping
requires another, more general treatment, as will be presented in the last section.

3.1 Doubly resonant ring cavity

Let’s consider quasi-degenerate collinear type I interaction, by means of which the pumping
frequency comb, at frequencies around 2wy, is converted by a nonlinear x(@ crystal into
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multi-mode signal radiation at frequencies around wgy and vice-versa, being 2wy and wy
the two frequencies at which phase matching occurs, i.e. n (2wp) = n (wp) = no, being n
the crystal refractive index. The nonlinear crystal is placed inside a high finesse optical
cavity of length L which is assumed to be dispersion compensated by intracavity dispersive
elements, so that all signal cavity modes are equally spaced by a common free spectral
range (2, which is made equal to that of the pumping laser €2,. This ensures that the
pulse-to-pulse delay of the pump beam coincides with the cavity round-trip time and
successive pump and signal pulses superpose in time thus maximizing the strength of the
interaction. As we will be concerned with femtosecond lasers (pulse durations around
100 fs) and cavity lengths around 1 —4m, the number of pump modes will be typically on
the order of 10* — 105,

3.1.1 Longitudinal modes of the resonator

Let’s consider a ring resonator of length L where the intracavity field is supposed to
be a superposition of plane waves propagating along the positive direction of u, axis
of the resonator. This implies that the nonlinear crystal is assumed to be broadband
antireflection coated. Plane wave assumption is still approximately valid for Gaussian
beams as far as the thin crystal is placed at the (common) beam waist of pump and
signal, and the Rayleigh lengths are much longer than the crystal length {. Taking the

crystal entrance facet at z = —1/2, any resonator mode Uy, (z,t) can be written as:
1 i(kmz—wmt) 1
. Um € + c.c., PSS ,
U;‘);‘ng (Z7 t) = \/mac " . [ : 2} ’ (3'1)
umel(k»yn Z—wmt)e’b¢m + C.C., z ¢ [_év é}

where k3¢ = wy, /c is the wavenumber in vacuum, k,, = n (wp,) k3¢, n (wy,) is the refractive
index of the crystal at frequency wy,, u, is a classical complex amplitude, the transmission
factor 1/4/n (wp,) is due to the flux conservation keeping in count that reflection at the
entrance facet is absent, and ¢,, is a suitable phase. If the crystal is the only refractive
element inside the cavity, the frequencies w,, verify the following resonance condition:

2me

N  wm) — 11+ L

(3.2)

with m € N. This expression keep accounts for the dispersion of the nonlinear crystal
that produces a nonuniform free spectral range across the broadband frequency comb
propagating inside the cavity. When the phase-matching is not of type I, pump, signal
and idler feel e different dispersion owing to the different refraction index. This can be
a serious problem for the synchronization of the three resonating fields and an external
dispersion compensation is needed. For the case, that will be considered here, of type I
phase-matching the problem is less severe, but in any case a resonator compensated by
intracavity dispersive elements (such as prisms or diffraction gratings) will be admitted.
Calling wp o and ws o the two cavity modes closest to pump and signal carrying fre-
quencies 2wy and wq respectively, the cavity modal frequencies can be written as:

Wp,m = Wp o + M (3.3)

Ws,m = Ws,0 + M2 (3.4)
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where € is the cavity free spectral range, equal for signal and pump, because of the hy-
pothesis of dispersion compensation, and m € Z because by convention m = 0 corresponds
to the cavity modes wp o and wsg. Therefore the assumption that wg and 2wy are phase-
matched forces the equality wp o = 2wso. Note that according to (3.2) the hypothesis of
constant cavity free spectral range () is valid only in presence of intracavity dispersive
elements for dispersion compensation, otherwise terms in €2 of order larger than the first
in (3.3) and (3.4) should be considered.

The expansion of the external pump field on the same base of longitudinal plane modes,

A i
FEoxt (t) EY foc ;ame 1(2wo+mp )t +c.c., (3.5)

which is a classical, phase-locked multi-mode coherent field. Here P is the average laser

instead, reads:

irradiance (power per unit area), a, is the normalized (}_,, loum|? = 1) complex spectral
component of longitudinal mode labeled by the integer index m, and m = 0 corresponds
to the phase-matched mode.

3.1.2 The fields

Since type I operation is assumed, let’s take pump and signal fields, respectively E, and
E,, polarized along two orthogonal directions, for example u, and u,. The total field can
be written as:

E(z,t) = B, (z,t) u, + E (2,1) u,. (3.6)

Inside the nonlinear crystal, which extends from z = —1/2 to z = +1/2, the fields are
written, in the Schrodinger picture, as:

Ey(2,t) = iy Em (ﬁm (t) e™pm® —pl, (1) ei’“p*mz), (3.7)
m
E(zt) = i) &m (gm(t)eisz—gil(t)eikw), (3.8)
m
h‘*)f,m

where &, = f = p,s are single photon fields, and Ay is the transverse

QEOH(Wfﬂn)AfL ’
area of pump (f = p) or signal (f = s) fields. The boson operators p; and 5, verify usual

commutation relations:

[5m (0),8L )] = [ (8),5] ()] = O, (3.9)
[ () .5 ()] = 0. (3.10)

3.1.3 The interaction Hamiltonian
A phenomenological approach to quantization of nonlinear optics permits to use the fol-
lowing form for the interaction Hamiltonian:
H =- | dFE.-P, (3.11)
Vi

where V7 is the volume inside the crystal where the pump and signal fields overlaps. In the
situation where only plane waves are considered, the fields do not depend on the transverse
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coordinates (z,y) and the integral (3.11) becomes:

1/2
Hy = —AI// dzE - P, (3.12)
—1/2
being Ar the surface of the crystal in the transverse plane xOy. In the case of Gaussian
beams, under the hypothesis that the crystal thickness is smaller than the Rayleigh range
of the pump and signal beams, the interaction volume can be approximated as a cylinder of
thickness [ along u, and transverse section A given by the overlapping integral between the

three Gaussian transverse modes up, (2, y)u2(z,y), with up (z,y) = exp {—7 (2% + ) /Ap}
and us (z,y) = exp {—7 (2% + y?) /As}:

2 1\
Ap = /d$dy up (2, y) us (z,y) us (z,y) = (A + A) ) (3.13)
s p

where A}, and Ay are the transverse section of the pump and signal beams, respectively.
Returning to Eq. (3.12), the nonlinear polarization P can be written as:

P(zt) =Py (z,t)u, + P (2,0) u,. (3.14)

and P, (z,t) and P, (z,t) are the nonlinear electric polarization at signal and pump fre-
quencies. According to the form of the fields, they are given by:

Pu(218) = ~c0X 3 Eumng [ (1) g (1) 000 1 5], (1) 8] (1) e~ Gomtho?] (3.15)

m,q
By (z.t) = cox Y_ Epjlsm [gin (1) pj (t) oo —hem)z 5 () pl (1) e—iwp,j—ks,m)z] (3.16)
Jjm

where  is the relevant nonlinear susceptibility and the dispersion of the nonlinear suscep-
tibility has been neglected. The interaction Hamiltonian becomes therefore:
X 2 R R R
H=—A [ dz [Ep (2,8) P, (2,) + By (2,) Py (z,t)] . (3.17)
—1/2

Substitution of the expressions for the field and the polarization into the interaction
Hamiltonian yields:

Hy = 2icoxIAr Y EpiEmEsaFlma (ﬁj (£) 85, (£) 81 (8) = B (£) 8 () 3 (t)) . (3.18)

Jym,q

where we defined the phase-mismatch factor:

D
Fjmq= 751; 274, (3.19)
j’m’q
being 1
®j7m7q = 5 (ka - ks,m - kS,q) l7 (3'20)

the phase-mismatch angle. In Eq. (3.18), only the terms that approximatively preserve
momentum conservation have been retained.
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3.1.4 The Heisenberg equations

The total Hamiltonian of the system is given by:

H = o + I, (3.21)
where:
Ho=") hwppipj + Y hsm3hdm, (3.22)
j ™

is the free evolution Hamiltonian. The Heisenberg equations for pump and signal boson
operators are:

ih% _ [pj,ﬁ} , (3.23)
ih% - [smH} : (3.24)

that, making use of (3.9) and (3.18), can be written as:

., dpj . . o
zh% = hlx)p;jpj_QlEOXAIlng,jgs,mggqFj,m,quSq, (3.25)
m?q
ds . . B
i = hws,mém + diecox Al Ep jEsmEs.qFjm.abidh, (3.26)
Jq

Up to here we considered the Hamiltonian dynamics of the fields in the crystal. Nev-
ertheless the optical cavity has losses, which must be incorporated into the description.
According to the input-output formalism of quantum optics, losses occur at a single mirror
at rates 75 and ~,, for the signal and pump fields, respectively. They are obtained from
pump and signal power transmission coefficients of the cavity output mirror, 7}, and T,
according to the relation vy = CTf (f = p for pump field, f = s for signal field). Then, the
equations of motion are transformed into the following quantum Langevin equations:

dﬁ . R . TOMY) K A
ditj — (W + iwpj) Bj + YpPext,j€ ptafte)t 2 mzq Bt
27 Pin,j> (3.27)
ds . R oA .
o= (s tism) Sm ot 8 Fim b+ v/2%Sinm, (3.28)
I

where the losses for pump 7, on one hand, and signal s on the other hand are supposed
occur at the same rates for all modes, the complex numbers pext 4 account for the classical
external pump and the ”in” operators correspond to quantum fields entering the cavity
through the coupling mirror. When that input is vacuum, the case we consider, the ”in”

operators verify (Pinm (t)) = (Sin,m (t)) = 0 and the following correlations:

<ﬁm,m (t) p| Dinmr t’> <smm mm,(’)> = Spmmd (t— 1), (3.29)
<ﬁm,m (£) 3, e (t’)> 0. (3.30)
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The coupling constant « is real and it is:
A 32 [h
K= 2yl <wo) - (3.31)

taking the assumption that &, = &, Vm and &, = &0 Vg, which is a very good
approximation as far as pulses are not too short (say, larger than 30fs in the visible).
Passing to the pump-interaction picture, the fields operators (also the input noise

terms) are rewritten as:
pi(t) = pje ittt (3.32)
m () = Gpmet(zeptm)t (3.33)

which, substituted in (3.27) and (3.28), yield the following evolution equations (after
dropping the tildes for simplicity):

% = — (7 +iAp;)Dj + VpPext,j — ;% F}myqei(jfqu)ﬂptémgq
V2% Pinjs (3.34)
% = — (% +iAsm)Sm +r Z Fjﬁmqe_i(ﬂ'—m—qmptﬁj{g; + v/ 29sbinm,  (3.35)
Jsa
where:
Api = wpj— (wp+70) =204+5(2-9Q,), (3.36)
Asm = Wsm — <; wp + me> =A+m(Q—-Qp), (3.37)

and keeping in mind the phase-matching condition wy, o = 2w o:

1 1
A=wso— W =35 (Wp,0 — wWp) - (3.38)
For a high finesse cavity the condition ~,,7s < @ ~ €, is satisfied, therefore only
the terms that cancel the exponential factor j — m — ¢ = 0 contribute significantly to the
evolution of the fields. In other terms, this is the condition for energy conservation of each

parametric process. The evolution equations (3.34) and (3.35) then become:

dp; ) . K O R

d—tj = — (’)/p + lAp,j)pj + VpDext,j — b Z Jim8mSj—m + /29 Din j, (3.39)
m

ds . . . . .

d7;n = —(%+ ZASJTL) Sm + K Z fm-l—q,mpm—i-qsin + v/ 27s8in,m; (3.40)

q

where the phase-mismatch factors are now redefined:

Sin @; m
fj7m = ] L ; (341)
bim
1
bjm = 5 (kpj — ksm — ks j—m) . (3.42)

2
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For the calculation of phase-mismatch term (3.42), let’s consider the standard approx-
imation consisting in Taylor expanding & ; and ks, around their phase-matched values
2ko = 2w n (2wp) and ko = won (wo):

kpj = 2ko+ Ky (wpy — 2wo) + %kg,j (wp,j — 2wo)?

= 2ko + 2k, A + 2k) A% + j (K, 4+ 2kp A) Q + %kg,j 702, (3.43)
ksm = ko~ kg (wsm —wo) + %ké/m (Wsym — wo)?

= ko+ KA+ E/A* +m (K + K/A) Q + %kg(meQQ, (3.44)

where ki, = (9kp/0w),,_,, and kg = (Oks/0w)
at the phase-matched pump and signal frequencies and kg = (anp / &.uz)w

are the inverse of the group velocities
! __
—2u and k] =

(8214:5 / 8w2)w:w0 are responsible for group velocity dispersion. From these expressions the

w=wq

phase-mismatch term can be written as:
1 1
by = | [(k;; ) A (2K K A% (K K (2K K A) 0
1 1
+5 7% (k) — k) Q% + 5 =m) E'Q%| (3.45)

This expression can be simplified noting that the inequality ‘ (Zkzg — k) A‘ < ‘k{) - k:g’ is
in general always verified. Therefore Eq. (3.45) reads:

1. 1. 1 .
Gjm =1 [(k; —K)A+ 57 (K, — k) Q+ 132 (ko — k) Q% + 3 (5 —m)k'Q*| . (3.46)

Let’s notice that the phase-mismatch verifies the symmetry ¢m, m+q = @¢,m+q, hence:

fm—‘rq,m = fm-i—q,q- (347)

This property will reveal to be important for the problem connected to the threshold of
SPOPOs.

In order to relate the term pext ; to the actual pump parameters as given by Eq. (3.5),
we note that Eq. (3.39) with k = 0 describes a passive ring resonator. Ignoring quantum
fluctuations, the asymptotic solution is (pj) = pext,j. Plugging this solution into Eq. (3.7)
we obtain:

BRI (2 4) =0 ) & jPext,je'Pri* TP + Hee (3.48)
J
However this expression must coincide with the one obtained assuming that the cavity
is pumped by the external field (3.5). As the cavity is resonant the following relation is
obtained:

1
t P \?2
E Doxt.i = p I . 3.49

p,jPext,j 1—1p <2€OC> aj, ( )

where t, and r, = /1 — t% are the transmission and reflection coefficients at the coupling

mirror. As high finesse is assumed ¢, < 1 and r, ~ 1 — %t%, hence:

P 1

2

gp,jpext,j =2 <2€OCT ) Gy, (350)
p
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where T}, = tf) is the transmission factor of the coupling mirror. Finally putting &, ; =

Awo
InogA,LP
i =24 ————av;. 3.51
DPext,j QCTph Oa] ( )

eonoApL
Equations (3.39) and (3.40) constitute the general model of a resonant SPOPO.

we obtain:

3.1.5 The resonant model

In order to have well behaved subharmonic pulses and the SPOPO working in a phase-
locked regime, the amount of the detuning is required to be smaller than an admissible
limit. In fact in presence of mode-dependent detunings, Egs. (3.39) and (3.40) can hardly
admit phase-locked solutions. A rough estimate of the maximal admissible detunings
could be achieved imposing that [Ap ;.. .|/ 7 < 1 and |Ag .|/ % < 1, where jpmax and
Mmax are the largest values of ¢ and m approximatively fixed by the pump and single
combs spectral width, respectively. While we don’t know yet the features of the signal
combs, it is possible to estimate the pump spectral width that is basically determined by
the external pump properties. Assuming pump pulses of 100fs duration produced by a
laser cavity of 1m length, jmax is of the order of 10%. By recalling Eq. (3.36) and that
Yo = TpQ/4r (T, = tf, is the power transmissivity of the output coupler for the pump
field), the constraint |Ap ;. |/ vp < 1 is equivalent to:

Q-Q,
5

for mirror transmissivities of about 0.1. For a ring cavity = 2w¢/L, while Q, = 2m¢/ Ly,

< 107°, (3.52)

(where L, denotes the effective cavity length of the pumping laser), therefore the previous

constraint amounts to ask in terms of cavity lengths:

L—-1L,
Ly

which require an adjustment of the SPOPO cavity length with a precision better than

<1075, (3.53)

100nm. Another argument to understand the physical reasons to this limitation is that
the incertitude on the OPO cavity length should be smaller than the spatial extension of
the pump pulse:

AL < cAt. (3.54)

If At ~ 100fs, then AL <« 100nm which is in a good agreement with the former
estimate. For shorter pulses (say 10fs) or for better output couplers (say 7, = 0.01),
this estimate imposes precisions of 1 nm. This poses serious problems for the operation of
SPOPOs pumped by ultrashort pulses.

Leaving the challenge for high precision synchronization to experimentalists, in the
following we will consider that the SPOPO cavity length is perfectly matched to the
pumping laser cavity: 2 = €. In the case of perfect synchronization, the bias detuning
term (see Eq. (3.38)) is also null. Consequently Egs. (3.39) and (3.40) becomes:

dp; R K A .
. = —YpPj + VpPext,j — & E fj,msmsjfm + V 2/7ppin,j7 (355)
dt 2 —
dS,

= —%Em+ K Y fmrqmPmiqSiy + V/2VsBinm- (3.56)
q

dt
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3.1.6 The SPOPO below threshold

Equations (3.55) and (3.56) are nonlinear in the pump and signal bosonic operators and
are usually solved by linearization of the operators p, (t) and §,, (t) around their steady
state values [Graham1968]:

pi () = (pj)+0p; (1), (3.57)
Sm(t) = (8m) +05m (1), (3.58)

where dp; (t) and 65, (t) represents field fluctuations around the steady state solutions.
Below threshold signal modes are almost not excited and (s,,) = 0, therefore, at the 0-th
order in the field fluctuations, Eq. (3.55) admits the solution:

(Dj) = Dext,js (3.59)

while, at the first order egs. (3.55) and (3.56) read as:

d . . . K s 5o

2700 (1) = = 70b; + \/2%0Pn; — 5 Zm: Fjm83m 68j-m, (3.60)
d . . . . .
%(53771 (t) = —05m + /@Z FrrgmBmrq) 08m |+ /27051m.m

q

+5 ) fmtgm 65m OPmig. (3.61)
q

Neglecting the second order nonlinear term in Eq. (3.60), the solution for pump field
fluctuations is readily obtained:

t
6p; (1) = v/ 2’)’13/ dt'6pin,; (t') (=t (3.62)
—00
where dp; (t) is a new noise term that verify the following properties:

(0p; (¢)) =0, (3.63)
(6p; (t) 8y (V') = 8,611, (3.64)

trivially obtained from Egs. (3.29) and (3.30). The quantity |pey.q|* gives the number
of intracavity pump photons at frequency wp ; coming from the pumping laser, and this
number is normally huge. Hence, given that the noise term dp; (¢) is of order one, see Eq.
(3.64), one can neglect it in Eq. (3.62) so that (p; (£)) = Pext,;-

However, at first order in Eq. (3.61), the pump fluctuations don’t play any role in the
evolution of signal field thanks to the fact that below threshold (s,,) = 0. Taking in mind
that below threshold §,, (t) = d3,, (t) and making use of Eq. (3.51), we finally obtain the
linearized Langevin equation for the signal field:

ds R R .
T:L = —Ys8m + V/2%Sinm + V0 Z ferq,maerqS:;a (365)

q

where:

o =+/P/P, (3.66)
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and )
_ i, () o)
32 (wox!)? \A1) "’
is a reference irradiance, equal to the cw OPO threshold as shown in the next chapter (see
section 4.3), and we made use of 75 = 62:% Making use of Eq. (3.13) we can write:
: 2
— M (1 A; > . (3.68)
32 (xlwo) 24,

The corresponding power Wy = A, Py, which is proportional to (1 + QATSP )2 Ap, plays the
role of threshold power and is thus an important quantity. The minimum of Wy occurs at
A, = Ag/2, as could be expected according to the nature of the nonlinear interaction, in
which two signal photons interact with one pump photon. For this optimized setting we
obtain: 5 om0
Py = eoc’ngl: 2Tp. (3.69)
8 (xlwo)

The linearized Langevin equations (3.65) in the below threshold regime is the general
model that has been considered in order to study the problem of the threshold (see Chapter
4) and quantum properties (Chapter 5) of SPOPO devices. In the following we will directly
consider the field operator in the interaction picture and assuming the conditions for a
resonant operation satisfied.

3.2 Doubly resonant linear cavity

In this section we retrieve the quantum model for quasi-degenerate type I SPOPO in which
both pump and signal are resonated inside a linear cavity (Fabry-Perot) of length L. The
intracavity field is always supposed to be a superposition of plane waves propagating along

u,.

3.2.1 Longitudinal modes of the resonator

The boundary condition imposed by the linear cavity to the intracavity field give origin
to stationary longitudinal modes that are written as:

. — umsin (k‘mz — wmt) , z € _L’ L
U (z,t) =  Vn(wm) (23] ’ (3.70)
s (355 — it +6), 2 [, 1)

where kY2¢ = w,,, /¢ is the wavenumber in vacuum, k,,, = n (wpn,) k72, n (wy,) is the refractive
index of the crystal at frequency wy,, u., is a classical complex amplitude, the transmission
factor 1/4/n (wp,) is due to the flux conservation keeping in count that reflection at the
entrance facet is absent, and ¢,, is a suitable phase. If the crystal is the only refractive
element inside the cavity, the frequencies w,, verify the following resonance condition:

[n(wm) —1]1+ L’

(3.71)

Wm =m

with m € N. As for the ring cavity case, Eq. (3.71) put in evidence that the dispersion
of the free spectral range need to be compensated by extra refractive elements in order to
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achieve an optimal synchronized operation. Under the hypothesis of dispersion compen-
sation, however, is always possible to describe the intracavity pump and signal frequency
combs by means of egs. (3.3) and (3.4).

3.2.2 The fields

Assuming the fields linearly polarized respectively along u, for the pump and u, for the
signal, let’s write the total intracavity field as in Eq. (3.6). Using the basis of longitudinal
cavity modes, signal and pump field can be expanded, inside a crystal which extends from
z=—l/2t0z=1/2, as:

Ey(z,t) = i Z EpmPm () sin (kpm (2 + L/2)) e “»m! + He., (3.72)
Eg(z,t) = i) Embm (t)sin (ks (2 + L/2)) e " + He, (3.73)
ﬁ/-’-’f,m

where &, = f = p, s are single photon fields, and Ay is the transverse area

GOn(nym)AfL ’
of pump (f = p) or signal (f = s) fields. The boson operators p; and 5., verify the usual
commutation relations (3.9).

3.2.3 The interaction Hamiltonian

The interaction Hamiltonian (3.17) for a doubly resonant linear cavity is straightforwardly
obtained from the expressions (3.72) and (3.73) keeping in mind that, in this case, the
polarizations at pump and signal frequencies are:

Bo(z,t) = e Y EpiEamp;(t)51(t) x

7,m
sin (kp,j (2 + L/2)) sin (ks j(z + L/2)) e *@ps=em)! Lt Heo  (3.74)
Pi(z,t) = €Y EjEsmsi(t)3(t) x

j7m

x  sin (ks j(z 4+ L/2))sin (ks j(z + L/2)) e @satesm)t L Heo o (3.75)

X

After having expanded, in terms of exponentials, the sinus factors, it is worth to introduce

new signal and pump boson operators:

Pimew () = pj () eTHosl/2 5t (8) = pl (1) e e t/2, (3.76)
S (1) = 8o (1) eTom B2 gt (1) = 8F, (1) e e /2, (3.77)

By neglecting all the terms that will not satisfy the phase-matching condition, then, H;
can be put in the form:

I_/II _ ’L.E(]);lAI

Z Sp,jgs,mgs,qFj,m,qﬁj§In§£e_i(%’j_ws’m_ws’q>t +He, (3.78)
Jm.q

with:
sin ((kp,j — ksym — ks

. _ d
2,m,q T
(kpj = Fsm — ksq)

). (3.79)

N o~ | ~~—
N[~
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However, like in the end of Section 3.1.4, for high finesse cavities, we can make the
rotating wave approximation, which leads to:

~ i€0XlAI

Hp = 2 Z 5p,j5s,m5s,j—mfj7mﬁjginé}*m +He, (3.80)
J,m
with _ !
P sin ((kp,j — ksm — ks j—m) 5) (3.81)
]7m _ l '
(kpj = ksm — ks j-m) 3

3.2.4 The Heisenberg equations

From the Hamiltonian (3.80) it is, now, easy to retrieve the Heisenberg equations for pump
and signal field operators:

. dﬁ iﬁoXlAI o

Zhd—tj = — 5 Em:gp:ng,mgS,j—mfj,msmsj—m, (382)
L dSn -
’Lhﬁ = ’LEOXZAI Z gp,m—i—q(c/'s’mgs’qu_;'_q’qu32, (383)

q

From Egs. (3.82) and (3.83), it is, now, possible to retrieve the quantum Langevin equa-
tions for signal and pump operators that reads:

dp; R K L. .

7; =  —pPj + YpPext,j — § Z fj,mSmSj—m + \/ 2’71) Din,j, (384)
m

Bm +rY f DmtqSh, + /27658 (3.85)

dt VsSm m+q,mPm—+qSm VYsSin,m; .

q

where, in this case, the coupling constant « is:

AI wo )3/2 h
— 2yl 20 ey 3.86
=i (nOL ¥ (3.86)

3.2.5 The SPOPO below threshold

Below threshold, the same arguments discussed in Section 3.1.6 apply. Therefore, while
the signal modes are almost in the vacuum state, the main contribution to the pump field
is given by its classical component (pin j(t)) = pext,;. Keeping in mind that for a linear
cavity the pump field has been written as in Eq. (3.72), the expression (3.50) is slightly
modified in:

le 2 (L) (3.87)
le b o, .
g PPextd =2 9epet, )

noA LP
Pext,j = 24| 70%2% ;. (3.88)

The Langevin equation for the signal field, therefore, reads:

from which directly follows:

ds . . .
T:L = —%Sm + vV 2Ys8in,m + V0 Z ferq,maerqu;a (3-89)

q
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where:

o =+/P/D, (3.90)

= eoc*n3T2T, <AS> 2
128 (wox!)® \ A1/
Py is a reference power per unit area which has the role of c.w. OPO threshold, defined in

and

(3.91)

a way similar to the case considered in the previous section. Since the linear geometry, we

used 5 = f&s, being Ty the power transmission coefficient through the output coupler, to

get Eq. (3.91). The corresponding power Wy = A, Py plays the role of threshold power.

As in section 3.1, making use of Eq. (3.13) and for the optimized setting corresponding

to Ap, = Ag/2 we obtain:
Py = M (3.92)
32 (xlwo)
For the doubly resonant linear cavity case, then, we obtain a threshold that is lower than
the doubly resonant ring cavity of a factor 4. This occurrence is consistent with the fact
that in a linear cavity the signal field passes through the crystal two times together with
the pump field, thus feeling a parametrical gain proportional to (21)2, which corresponds
to an increase of the intra-cavity power of the same factor 4.

The experimental setting of a OPO cavity, that is resonant both for the pump and
signal fields may result difficult, since the condition of synchronization have to be kept for
all the frequencies of the combs. From this point of view, the situation is partially simplified
by implementing an OPO cavity that is resonant only for the signal field. However, since
the pump field is no more resonating, a higher threshold should be expected. In the next
sections we are going to analyze, then, this different configuration both for the ring and
linear geometries.

3.3 Singly resonant ring cavity

Let’s consider a ring cavity of length L which is not resonant for the pump field. In
this case the pump field cannot be quantified inside the cavity and, consequently, the
derivation of the Langevin equation for the pump and signal filed operators becomes more
involved. Nevertheless, in the below threshold and linearized fluctuations regime, the
final evolution equation is formally equivalent to Eq. (3.65). We suppose the same phase
matching operation as the previous cases. The intracavity fields are considered of fixed
linear polarization as in (3.6).

3.3.1 The fields

The resonating signal field is expanded on the usual basis of longitudinal cavity modes,
while the pump field, that in general is the superposition of continuous modes, is quantized
in a box of length L,, with periodic boundary conditions, that at the end will be assumed
L, — +oc:

By(at) = i E) [;a‘ﬂ (£) "7 4 p\7) (1) e ™97 e Wit 4 Hee,, (3.93)

By(z,t) = i) Embm (t)eFomzmenmt) L Hc (3.94)
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where the superscripts (£) label the propagation direction. The fields have been written
in the interaction picture under the hypothesis that no detuning of the pump respect to
the cavity modes occurs.

However, since the counter-propagating pump component labeled with (—) is never
phase matched with the signal field, Eq. (3.93) can be written in a simpler form:

By (2t) =i € () pj (£) 1550 £ He., (3.95)
J

where the superscript (+) has been understood. The signal single photon field ampli-

tude is Em = 4/ m&% and the pump single photon field amplitude is &€ (v;) =

1/ mﬁ% The frequencies v; are given by v; = j QLLPC and the wavenumbers x; = %,
with n (v;) the crystal refractive index.

3.3.2 The interaction Hamiltonian

The interaction Hamiltonian ﬁl is calculated as usual as:

/2

= —Ar [ 4z [By (1) By (1) + B (1) Bu(2,1)] (3.96)
_1/2

where A is the effective area of interaction corresponding to the three-mode overlap-
ping integral across the transverse plane. According to (3.94) and (3.95) and neglecting
the terms that will not satisfy the phase-matching conditions, the polarization at signal
frequencies is:

Bi(z,t) = eox Y E(vj) Esmpy (t) 8], (t) i hem)zemiliwam)t L He o (3.97)

j?m
therefore:
Ba(a ) Pa(e,t) = —icox 3 € (1) Eume iyl ol mi—hem —Ha)zgilvi—nm—ung)
Jm,q
+H.c. (3.98)

Similarly, for the polarization at pump frequencies:

Py (z,t) = —eox Z EamEsgbm (t) 8 (t) eFsmthsa)zei(smtwsa)t L H e (3.99)

m7q

Since the product E'ppp has the same expression as Eq. (3.98), the interaction Hamiltonian
is easily evaluated from (3.96):

Hy = 2iecox Al Y | € (V) EsmEaqFjmghidh,sle "7 wsm=wsdt 4 He,, (3.100)
Jm,q
where we defined:

sin (K — ksm — ksq) &
Fjmq = R (3.101)
(kj = ksm = ksq) 3
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3.3.3 The Heisenberg equations

The time evolution for the pump field operators is given by the following Heisenberg

equations:
dp; 2e0x Axl L
% - 60);; =D E (V) EumEogBmqFym ge’ T em sl (3.102)
m7q
ds deox Al -~
;;n 60)}2 I Zg(Vj)gs7m(€s7q§j1ﬁij7m7qefz(Vﬂ7‘”577”*“)5,!1)1‘/' (3103)
Ja

Integration of Eq. (3.102) yields:

R L(0) _ 2eoxAil
i) = B = ZETE S E () EambagFima
m?q
t 4 ,
< [ dtsn ()5, (1) @l (3.104)
0

where ]55-0) is the pump field that has not yet interacted with the crystal. Since the nonlinear

interaction can be assumed instantaneous respect to the oscillating term e#(*s —wsm—ws,g)t’
it is possible to make use of the Wigner-Weisskopft approximation, that leads to:

2e0x A t , /
pi(t) = ]5(0) - = L Z E(V5) EsmEs.qFm,gSm (1) 3q (t) / dt e (vi—ws,m—ws,q)t
J h ot ) ; 31T, 0
(0)  2€0xArl . .
- p§' = A Z € (vj) EsmEs,qFljm,q8m (1) 54 (1)
m’q

o b (@e et g—vy) ST (W, a=

(0)  A4meoxArl

= p] h Z & (V]) gS,mgS,qijmngm (t) gq (t)
m’q
X0 (Whm F wog = ¥5) (3.105)

where in the last row the sign “~” has to be understood in the sense of weak convergence
of the approximation below:
sin (ws,m + ws,g — V) t

~ 270 (Ws,m + Ws,g — Vj) - (3.106)

that will become meaningful in the continuum limit L;, — 4o00. After substituting (3.105)
in (3.103), the signal field equation becomes

d§m 460XA[Z N A(0) (v —ws.m—ws.o)t
dt - i ;q: & (l/]> gsymgquF’}]n,qsg (t> p] € ( ! ’ ,q)
deox Arl\? . .
- (60?;]> Z & (vj) gsymg&qun’qgg () o (Vj—ws,m—ws,q)t
7

X E W) Esn&s i FI 5, (1) 5, (£) 6 Wsp + Wsp — Vj) . (3.107)
J s 't n,r » ) J
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In order to perform the passage to the continuum, let’s define the continuum pump

L
50) (1) = o] 22 50)
P vg) =05 B (3.108)

50w (19 00)'| = 52 0 T 50— ). (3.10)

2me

Keeping in mind that & (v;) = ’/25011(2%’ Eq. (3.107) becomes
d Sy, €0 2me (U — W —we
at 24/ \/ mhe Z >\ n smEsgFjm Sy (vy) 0 nmmona)t

4egx A1l 2me v s
_7r< h ) 47T600A Z ﬁgs,mgsyq}?j’mﬂsqe 1(vj —ws,m —ws,q)

XY EsnborFjnréndrd (Wsn + wer — 1) . (3.110)

n,r

operators as:

which verify:

In the limit L, — +o00, the sums over j are transformed into integrals:

d S, €0
dat \/ Zgbmg wOr! mq

A
_ A <1> %Z5s7m557q55,n557r§g§n§TI,§3}Q, (3.111)

VA

(17’,7’7,"l

where:

o , U sin [(k(u) ks,q)i] 50) (1)) o= (r—ws,m—ws,q)
Ing = /d W (k(u)—k:,m ol W e

7) 2
v osin[(k(v) — ksm — ks,q) 5]
n) (k(v) - ks,m — ksq)

I,(,i)q = /dl/5 (Vv —wsm — ws q)

><sin (k(v) —
(k(v) — kS,n — ks )

N~ |

l
3 ] —l(V—ws,m_wS,q)t' (3113)
2

The second integral is trivial. On the other side, I%,)q requires some manipulations.
Dividing the interval of integration in a sum of frequency intervals of width 2 and centered
at frequencies wp,, = 2w + 7€), r € Z, integral Ir(,i)q reads:

i k - ks m ks i i
Ig)q _ Z /d]/ v S1n [( (1/) > 7Q3 2] p\((]) (l/) e—z(l/—wsﬁm—w&q)t’ (3114)
’ o Jr V n(v) (k(v) — ksym — ks ) 5

where: a2
/dyf(u)z/ ). (3.115)

wp,r—Q/2
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In each interval r, each function f(v) of the frequency v can be approximated by the
corresponding value at the center of the interval f(wyp,). The integral I,(nl,)q, thus, can be
approximated by:

l
T(r%) ~e i Ws mFws q)t Z (.Up r SlIl Wp r) — ks7m - kS,Q) 5] dl/ﬁ(o) (V) e—iyt'
q (w k(wp,) — — keyq) L
b,r p,r sm $,q/ 2 r

Let’s define new pump operators as follows:

V2me wrrtp (1) = / dv p© (v) e ™, (3.117)

T

which verify the following property:

. . 1, _
<phm1 (t1) [Pinrs (t2)]T> _ gel(wp,rltl wp,rot2)

) T
><frldV1fr2dV2e’(”2t2_Vltl) <ﬁ(0) (v1) [ﬁ(o) (W)} >

1, _ . _
_ %e (wp,rltl WP,TQtQ)frl dylfr2dy2€z(uzt2 V1t1)5 (,/1 _ VQ)
= 4

1 . .
Wp, (tl 7t2) (20 (t27t1)
71,72 276 P fm dvie

to —t1
= 67‘1 T2 s [ ( 2 )] = 57”1 7”25 (tl - tZ) ’ (3118)
) (t2 _ tl) i

where <}5(0) (1) [ﬁ(o) (VQ)]T> = 0 (11 — 1) and the term J,, ,, appears because the double

integral vanishes if ro # r1, being the domains of integration on v; and v» non-overlapping
in that case. With these definitions Iy(n)q becomes

l
1,q ~ rz / wp r Sln wp r) — ks,m - ks,qg i} e—i(wpm—ws,m—ws,q)t Ain,r (t) )
wp?" wpr - sm_ks,q>§

(3.119)
The equation of the motion for §,, (t) is readily retrieved after using Eq. (3.119),

the rotating wave approximation (RWA) and after having defined kp p4r = k (Wpptr) =
k(wsn + wsr):

ds AI €0 W ~ ~
ditm - 2\[ \/ Z e fqugsvmgs,qpin,m-s-qsg

n (Wp,m-+q)

A € Wp,m
- (Xl) ( ! ) hiizpi‘l_qgsmgsqgsngsm—kq n

\/J‘Tp (wWp,m+q)

Xfm,qfn,m—i-q—né:ggném—}-q—na (3.120)

where the phase-mismatch factor has been defined:

sin [(k — ks — ksg) &
fmg = [(kpmrq = ks S’q? al (3.121)
(kp7m+q - ksvm - ks,q) 2
As remarked in previous sections, we can assume that wp , ~ 2wy and &, = 2602‘:?4 T
for all m, therefore Eq. (3.120) becomes
ds
T;n = gz Jm,qDin, m+q3 Py Z Jmqfnm+q— ns 5n3m+q n (3.122)

q,n,r
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where the coupling constant g has been defined as:

A1 32 g
g=2y—21 <”°> —. (3.123)

A w/ L no oC

Accounting for the cavity losses that occur at a single mirror at rate s, we finally

obtain the quantum Langevin equations for signal operators:
4o S (t) + /2755 )+ § f (t)
— = —S 8 s
dt YsSm Vs m,m g m,q pm m-+q

2
_% Z Z fquf”vm+f1*n§;[{ (t) Sn (t) =§m+qfn (t) ) (3.124)
n q

where $i, m (t) corresponds to the field at signal frequencies entering the cavity through
the coupling mirror. When that input is coherent or vacuum, the case we consider, those
“in” operators verify the following correlation:

<§in’m (t) ggn,m’ (t,)> - 5m,m’5 (t - t/) ) (3‘125)

and thus behave as ﬁl(niz (t), see (3.118).
3.3.4 Relation between the intracavity pump field and the external
pump field

Before to approach the formulation of the Langevin equations for the field operators in
the below threshold regime, it is worth to clarify the relationship between the intra cavity
pump field and the external pump described by Eq. (3.5). Starting from the original
definition of the input pump field, which is analogous to (3.95), we rewrite this expression
in order to make explicit the passage to continuous frequencies when the quantization box
of the pump field is let toward infinity:

~

Einp (2,t) = 'Zginj () Pin, jei(“jz_”jt) +H.c.

2mc ﬁV] ~ i(kjz—vjt)
= in y H .
ZZ\/ \/260n (v) ApLy Pin (vj) € e

Z 2mwe I/j Z(Ii]z ’ )
= Vj H. . 3.126
i 47 €pcn (l/j) ApL pm ( ) “ ( )

where we substituted pin j = 4 /%ﬁm (v;). In the limit L, — 400, we have:

s hv 4
. — g A i(k(v)z—vt)
EHLP (Z7 t) ? / dy\/4ﬂ'€ocn (7/) Apr Pin (V) (S + H.c.
= ZZ / dv hy pin (V) RICIE 2N, <
—~ Jr dmegen (v) ApLy

hv. , .
= 4 r ez | du pig w4 He. 12
i Zr: \/47reocn ) AL, e /r Vpin (v)e ™" +He.  (3.127)
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After the redefinition:
vV 27Te_in’Ttﬁin,r(t) = /dl/ﬁin (v) et (3.128)
T
we finally get:

7 ; hwo A i(Krz—w
Einp (2,1) = 12 mpin,r(t)e( ramerrt) e, (3.129)

By demanding that the intracavity pump field equals the external pump field given by
Eq. (3.5), we find that the following equality has to be satisfied:

huwg P
— Ainr t) = 5. Yry 1
\/ eoApnocp () V 2¢0c @ (3.130)

with P the average power per unit area of the mode-locked pump laser and >, ]am]2 =1.

Finally we obtain:

noApP
2hwg

Pinr(t) = o (3.131)

3.3.5 The SPOPO below threshold

Below threshold signal modes are almost not excited and the pump “in” fields can be
approximated by their classical mean values as their fluctuation part gives rise to smaller
terms, which are neglected for the same reasons in section 3.1.6.

According to Eq. (3.117), Eq. (3.131) corresponds to the case when the external pump
is a frequency comb in which all its components are monochromatic with frequencies wy, ,,
as assumed since the beginning (see Eq. (3.5)). The linearized equations for the SPOPO
below threshold, then, become

dSpm, (t N . .
Zt( ) = —%s8m (t) + 0 Z fm,qamﬁ-qsg (t) + V/27s8in,m (1) , (3.132)
q
where:
o=+/P/P (3.133)
and 5 9 )
T2 (A
— 02 0% <> . (3.134)
8 (xlwo)” \ A1
Py is a reference power per unit area, equal to the cw OPO threshold obtained by
_ Iy

using s = 57, being Ty the power transmission coefficient through the output coupler, to
get Eq. (3.134). Hence the linearized equations (3.132) formally coincide with those for
a SPOPO with resonant cavity for the pump, Eq. (3.65), with the only difference of the
definition of the reference power per unit area F. The corresponding power Wy = A, F
plays the role of threshold power.

As in section 3.1, making use of Eq. (3.13) and for the optimized setting corresponding
to Ap = As/2 we obtain:

eoc3niT?

Py = ¢ (3.135)
2 (xlwo)?
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As expected, in this case, the threshold is higher than the doubly resonant case of a factor
4/T,. We will detail in Section 3.5 the origin such a factor, even if, from a physical point
of view, it is ascribable to the fact that the intra cavity pump power is lower in a non

resonant configuration.

3.4 Singly resonant linear cavity

In this section we develop the quantum theory of a quasi-degenerate (idler and signal
coincide) type I SPOPO in which only the signal field is resonated inside a cavity. Unlike
section 3.3, we consider here a linear cavity (Fabry-Perot like). Anyway, as will be clear
in the end of this demonstration, the geometry of the cavity influences only the cw OPO
threshold Py but not the formal appearance of the evolution equations. As in the previous
section 3.3, the treatment of this case is more involved than that for resonant case (see
section 3.2) as the pump field cannot be quantized inside the OPO cavity.

3.4.1 The fields

The signal field inside the nonlinear crystal, which extends from z = —[/2 to z = +1/2, is
written as:
Ey(z,t) = ZZ Esgsin (ks q2') 84 (1) e ™" + Hec., (3.136)
q

where 2/ = z + L/2 and &, = ,/MZ“:%. On the contrary, the pump field is not

affected by the cavity and hence it is given by a continuum of modes. We shall use
the common approach of quantizing the pump field in a line of length L, with periodic
boundary conditions and, in the end of the calculations, we will make L, — oco. As in
(3.93), we thus write:

E,(z,t) = zz & (v5) [ﬁ§-+) (t) e +ﬁ§-_) (t) e_i”jz] e Wit 4 He., (3.137)
J

where the superscripts (4) label the propagation direction and must not be confused

with their usual meaning of labeling positive and negative frequency parts. & (v;) =
hv

an(w) are single photon field amplitudes. As in the previous section, the frequen-

cies v are given by v; = j%, J € N, and the wavenumbers x; = %, with n (v;) the
P
crystal refractive index. The fields are, again written as a superposition of plane waves,

but the treatment is still approximately valid for Gaussian beams as commented before.

3.4.2 The interaction Hamiltonian

The interaction Hamiltonian I:II is calculated as usual as:
. 2 . R .
H=-A [ dz [Ep (2,8) Py (2,8) + By (2,1) By (z,t)] : (3.138)
—1/2
where Aj is the effective area of interaction corresponding to the three-mode overlapping
integral across the transverse plane. In the case of Gaussian beams as commented in

section 3.1,

RN (3.139)
A Ay 24, '
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The nonlinear electric polarization at signal and pump frequencies, P, (z,t) and Pp (z,t)
are given by:

P, (2,t) = eox Es (2,t) Es (2, 1) (3.140)

terms oscillating at optical
frequencies around +2wo

N A

P, (z,t) = ox Eyp (2,1) Fs (2, 1)

(3.141)

terms oscillating at optical
frequencies around Fwq

where x is the relevant nonlinear susceptibility (whose dispersion is neglected). It is then
lengthy but simple to arrive to the following form of the interaction Hamiltonian:

. A : ,
Hi(t) = fOXT“ DD D E W) EmagFy e Fem kel /2

x &, (t) 81 (t) [ﬁ§+) (t) + (t)} gilenmtwna=vi)t L e (3.142)
where we defined the phase-mismatch factor:

sin [(F&j — ksm — ks g
(Kj — ksm — ks q)

1
Fjm.q = 1y (3.143)

In (3.142) we dropped highly phase mismatched terms, as usual. It is convenient to
define new signal boson operators through

Snens (£) = i (£) X R/ 81 (1) = &, (8) e b2, (3.144)

’ m ,Jnew

in terms of which the interaction Hamiltonian becomes as (3.142) but without the expo-
nential e~iksmtksa)L/2 - Tn the following we work with the new operators but omit the
superscript “new”.

3.4.3 The Heisenberg equations

The time evolution of the pump and signal operators is ruled by the following Heisenberg

equations:
NES)
dp: LA )
pjdt( - EOX I Z Z E (1)) EsmEsqFjmam (1) 8q () e WomFesava)l - (3.145)
dsm eoxlAr A A i(w, Ws,q—Vj
w0 O S7 6 1) EumbnaFimadl (0) 357 (1) + 547 ()] lleom s
a j
(3.146)
Integration of the pump equations yields:
(£ R EOXZAI
pg' )(t) = plgree,j ZZS Vj gsmgququ
x / A8 (1) 3 (1) i smbsa—v)l" (3.147)
0
where ﬁg‘;g ;= ﬁgi) (0) is the source-free part of the pump (the field impinging the nonlinear

crystal). As before, the Wigner-Weisskopf approximation permits to bring the signal
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operators outside the integral and to consider their values at the present time. As in
(3.105), within this approximation we obtain:

(+ (& meo X Arl . .
By (1) = Blraay () = =55 D0 D€ () EsmnaFram.adm (8) 84 ()8 (s + g = 1)
m q

(3.148)
where, in the last row, we made the approximation (3.106) that has to be understood as
a week convergence. After substituting Eq. (3.148), the signal field equations become:

dép, (1) eoxlAI (— (o e,
= szjs v3) EsmEsaFlanadh (1) [ (1) + Blieh ; (1) | efemimFemari!
A
o (X ) DS 05) Bt i () )
XY Y E W) EsnborFjnabn () 8 (£) 6 (wsn + wer — v5). (3.149)

For the passage to the continuum we will follows the steps already detailed in section
3.3, for this reason in the following we will rapidly report the treatment for the present
case. After the definition of continuum pump operators:

L(+ Ly (+
Ploe (v)) = T;pﬁreéj, (3.150)
which verify:
() A (£) Ly
Diree (V5) s | Dire =—0jr — O0(v;—1), 3.151
W) (2 00)' | = 52— b ) (3.15)
hv;

the sums over j are transformed into integrals taking in mind that £ (v;) =

dSm €0 ( )
; \/4 e Tt

_ 4 2 2720 ZZZ& m€s,q€snEs Sy ( ) 5n (t) 8, (1) [T(g)q’ (3.152)

eoApLpn(v; )

where

7 sin ( (v) — — ksq) l] ~(+) (=) i(ws,m+ws,g—V)t
5,m s,q s
m,q / \/> l/) k ks,q) % |:pfree ( ) free ( ) €

(3.153)
and I,(n)q is defined in Eq. (3.113). Integration of Iﬁ)q is performed as in the previous

section. First we write the integral as a sum over frequency intervals of width Q (the
free spectral range of the SPOPO cavity) and centered at frequencies wp, = 2w + 7,

r € Z. Then approximating the function k (v) by ky, = k (wp,) and | /76y by niil:)

and defining new pump operators as follows:

\/2776_“"”'5}31(3, (t) = /dye_“’tp;ez3 (v). (3.154)
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the integral results to be:

[ wpr sm — —k:’)L e o — (=
ml)q:‘/ Z b, Sql 2]e(sm+ s,¢—Wp,r )t pl(HZ()“‘pi(n,Z(t)]-
wpv - - ks,q) 2
(3.155)
where kp, = k(wp,) = k(2wg+rQ). The new pump operators verify the following

property:

Q
() NES) (A sin [ (2 = t)] _
<pin,r1 (tl) (pin,rz (t2)) > - 5T1,T2 T (tg — tl) - 57’177’2(S (tl t2) . (3'156)

In the RWA and taking in mind that k (ws ,, + ws ;) = k (Wp ntr) = Ekpnir, the equations
of motion for §,, (t) become:

dém
87 - ngqu [plnm+q()+pfn2n+q(t)
*92 YD Smafamrg-ndh () &n () 3mign (t), (3.157)
noq

were we defined the phase-mismatch factor:

sin [(k — ksm — ksq)
fing = Sl Gpnza o = hoa) 5] (3.158)
(kp,m—i-q - ks,m - ks,q) 2
and the coupling constant:
1 32 IR
g =y (wo) - (3.159)
S /A €gC
For obtaining (3.157), we made the usual assumption of negligible dispersion of the
single photon amplitude & ,, = & = < 7?;"123 7 and wp m = 2w for all m.

Since the optical cavity has losses, which occur at a single mirror at rate s, the
equations of motion must be transformed into the following quantum Langevin equations:

dSm (T ) . (=
O () VI )40 3 a0 [0 )+ 10 0

~0% ) D fmaFnmeq-ndh (1) 8n (1) 3maqn (1), (3.160)
noq

where $i, m (t) corresponds to the field at signal frequencies entering the cavity through
the coupling mirror. When that input is coherent or vacuum, the case we consider, the
“in” operators verify the following correlation:

(Sinam (08, (1)) = b6 (£ = 1) (3.161)

3.4.4 The SPOPO below threshold

Below threshold signal modes are almost not excited and the double sum in (3.160) can be
neglected. Also, the pump “in” fields can be approximated by their classical mean values as
their fluctuation part gives rise to smaller terms, which are neglected for the same reasons
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as before. Hence, we write ]31(; Bn (t) = 0 (unidirectional pumping). On the other hand,
the relationship between the input pump field and the external classical pump has been

retrieved explicitly in Section 3.3.4:

AP
o), (1) = \/ L;hjo U, (3.162)

with P the average power per unit area of the mode-locked pump laser and ), |ozm|2 =1.
The linearized equations for the SPOPO below threshold then become

ddm (1)

= —Ysbm () + %0 > FmqQmiqdh (£) + v/20s8imm (1) , (3.163)
q

where o is defined as in (3.90) and:

3n2T2 [ A 2
Py = 0% <> . (3.164)
8 (xlwo)” \ A1
Ty

In order to obtain (3.164), we used v = 7, being T the power transmission coefficient
through the output coupler, to arrive to Eq. (3.164)). Making use of Eq. (3.139) we can

3 2T2 As 2
Py = 28 T0%s (1 + ) . (3.165)
8 (xlwo) 24,

The minimum of this function occurs at A, = Ag/2. For this optimized setting we obtain:

write:

3 2T2
Py =207 (3.166)
2 (xlwo)

3.5 Conclusions

In this last section we want to summarize the main results about the quantum model of a
SPOPO. Its validity falls in the domain where the hypothesis of perfect synchronization
between the mode-locked laser and the OPO cavity and the below threshold regime are
verified. Let’s stress again that, when ($,,) = 0, it is not necessary that the pump field
has negligible fluctuations since they are weighted by a vacuum signal field. It is sufficient,
then, to require the pump contains a large number of photons. Being negligible the
parametric interaction from the point of view of the intracavity pump field, the linearized
Langevin equations for the signal field reads:

dSpm,

T = —Ys8m + VO Z fm-i-q,qam—i-qg:g + V2% 58in,m. (3.167)

q

The phase-matching factor fy,44,m is defined as:

singy,,
fm—‘rq,m = 4 ; (3168)
¢m7q

with a mismatch angle, ¢y, 4¢,m, defined as:

¢m1q =1 (kp,m-l-q - ks,m - ks,q) . (3169)
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Keeping in mind that, by Taylor expanding ¢, 4 in w around the phase-matched frequen-
cies wg and2wy, respectively for signal and pump field, and arresting the series up to the
second order,Eq. (3.169) can be written as in Eq. (3.46), we can further simplify the
notation by writing:

Smq = B1 (m+q) + Bap (m+q)* = Bas (M + &%), (3.170)

where we imposed A = 0 (resonant case) and where we defined:

1

Bio= S0k — k), (3.171)
1

Bap = ZlQ?k:;)’, (3.172)
1

B = Ik, (3.173)

which are the temporal walk-off between pump and signal pulses and the pump and signal
group velocity dispersion, respectively.
The coupling constant o reads:

P
o=4/=, 3.174
. (3174
where P is the external average laser irradiance (power per unit area) and Py is a normal-
ization factor representing the c.w. threshold for a simple-mode OPO, as we will see in

Chapter 4, and defined as:

2" s (3.175)

being Il different for each cavity configuration and specified in Table 3.1. From a physical
point of view, it is very easy to understand the differences between the thresholds according
to the geometry of the cavity and the resonant or not resonant operation of the pump. In
particular, in the doubly resonant operation the intracavity pump power is higher than
that in the singly resonant case. In fact, for a field resonating inside a cavity (no matter
what kind of geometry), we have:

E(t) = \/TpEwn + /1 - ToE(t), (3.176)

that suddenly leads to:
T

E(t) = 2 Ein, (3.177)
for cavities of high finesse, where 7;, < 1 is the usual transmission coefficient of the
coupling mirror at the pump frequencies. Therefore the c.w. threshold in a doubly resonant
configuration results to be lower of a factor 7},/4 with respect to a singly resonant cavity.

11y Doubly resonant | Simply resonant
Linear cavity T,/32 1/2
Ring cavity T,/8 1/2

Table 3.1: Coefficient for retrieving the cw threshold Py in the different cases discussed
along this chapter.
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For what concerns the geometric configuration of the cavity, if the pump and signal field
are simultaneously resonating, in a linear cavity the signal field passes through the non-
linear crystal two times per round-trip with respect to the ring cavity case. Therefore the
first configuration is equivalent that of a ring cavity of same length but with a non-linear
crystal two time thicker. Since, from Eq. (3.175), the c.w. is inversely proportional to the
square of the crystal thickness (), the threshold in the linear geometry have to be smaller
of a factor 4 with respect to the ring geometry. In the simply resonant configuration with
a linear geometry, since the pump is not resonating, the signal field cannot see a gain
during his second backward passage through the non-linear crystal, therefore a threshold
equal to the simply resonant ring cavity is perfectly expected.
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CHAPTER 4

Classical linear dynamics of SPOPO below
threshold
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N this chapter we consider in detail the classical linear dynamics of SPOPOs in the
below threshold regime. In particular, we show that this problem can be decomposed
over a basis of combs of frequencies evolving with different evolution rates Ay and

the threshold is attained when the comb with the faster dynamics starts oscillating. Such
results are obtained by diagonalizing the matrix which couples the each mode of the pump
comb to each mode of the signal comb. This problem can be solved both numerically and
analytically. In the last case, the diagonalization can be analytically performed thanks
to the fact that the coupling matrix can be substituted, without loss of information,
with a gaussian function. This occurs only when specific conditions are met. We then
analyze the solutions obtained in different experimental configurations such as different

55
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kind of non-linearities, different kinds of phase-matching or different sizes of crystals,
comparing the results form the analytical and the numerical approach. We find, then,
how the choice of the experimental parameters affects the spectrum of the coupling matrix
and consequently the dynamics of the modes on which the intra-cavity field has been
decomposed. Surprisingly, it turns out that it is almost completely characterized by a
small subset of combs with respect to the about 10° modes involved during the evolution.

4.1 Determination of the oscillation threshold

The classical counterpart of Eq. (3.167) is obtained by removing the input noise terms

and replacing the operators by complex numbers:

ds .
d—;n = —YsSm + V5O Z Jmtq,mQm+qSms (4.1)
q
and completed by its adjoint:
= TS %0 Y FrbamnggSme (4.2)

q

Arranging the complex numbers s, and s;, in vector form:

S—2 CD)
S—1 Ci}
s=| sy [and s"=| s§ |, (4.3)
51 5]
59 55

egs. (4.1) and (4.2) can be written as:

Ci(z*):—ys(l—ai)<z*>, (4.4)

where [ is the identity matrix, £ is the block matrix:
~ 0 |L
L= X L (4.5)
Lhql O

Em,q = fm+q,mam+q. (46)

and

Recalling the property (3.47), it is easy to show that the operator L is a symmetric matrix.
In fact it satisfies the following equalities:

(3.47

)
ﬁ?n,q = ﬁq,m = fm+q,qam+q - fm-i—q,mam—i-q = Em,q- (4-7)

As a consequence, the operator £ in (4.4), that couples s to s*, is self-adjoint and all its
eigenvalues are real numbers. In the most general case, the normalized pump spectral
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amplitudes {a,, } are complex numbers, nevertheless, for all that cases in which the pump
field can be supposed to have only a global phase and no frequency dependent phase
component, they are purely real numbers. Typically, the situation for which complex
spectral amplitudes need to be considered occurs for chirped pump field and it will be
analyzed in the last section of this chapter (see section 4.4). For the following the pump
field will be considered real and this implies that E}Ln,q =L q-

Let’s consider the solution of Eq. (4.4) in the form:

sm () =Y S M s (1) =587 M (4.8)
k k

where S,(Clgn and S,(ff)n are complex numbers and { Ak }xen is the spectrum of L. Since )\

are real, the number S,(ﬁ)n is the complex conjugated of S,(Cly)n and in the following they will

be denoted as Sk, and Sy ,,. Substitution of egs. (4.8) in (4.4) yields:

MeSkm = —YsSkm + %0 Y LingSh g (4.9)
q

NSt = —VsStm T %0 Y LongShg- (4.10)
q

For fixed SPOPO parameters (vs, 0 and fpigm), Ax and Sk, depend on the pump
spectrum {ouy, }.

Let’s consider the solution of (4.9) and (4.10) represented by {Ax, Sk.m}. It is straight-
forward to verify that also the set:

Ne=—=2%— Ay St = iSkm (4.11)
is a solution. We can state the following:

Proposition 3 The state in quadrature with any eigenstate of (4.9) and (4.10) is an

etgenstate too. In particular the solution 5’67m = 150,m | has the lowest eigenvalue admitted

Ny = —2% |, being Som the solution that is undamped at threshold (i.e. Ao =0).

In fact, for any other solution A\ # Ao, since )\k7m+)\;c,m = 27, if A;am < —27s then A > 0
and vice-versa thus contradicting the initial assumption that the SPOPO is at threshold.
Let’s assume, now, that the only control parameter is the total pump power o and
that the pump power spectrum {a,,} is fixed. Be oy, the pumping power for which the
SPOPO is at threshold (thus a A\g = 0 exists) and o, = roy,, with 0 < r < 1, a generic
pumping power below the threshold condition. It is, then, verified the following:

Proposition 4 If it exists an order relation between the eigenvalues at threshold, the same

relation exists for any value of the pumping power below threshold.

For the demonstration, let’s take any two eigenvalues that, for r = 1 (the oscillation
threshold), satisfy the inequality Agz(1) > A;(1). For each of them, Eq. (4.9) reads:

Me(1)Skm(1) = =%Skm(1) + %:0eh D Limg St (1) (4.12)
q
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At different pumping power r < 1, instead, the same equation reads:

A (1) Sk (1) = =Y Skan (1) + 7750w > Lin,gSh (1) (4.13)
q

Eq. (4.13) is solved by setting:

Skm(r) = Skm(1), (4.14)
Ak(r) = (r =1y +rA(1). (4.15)

While the first condition implies that the eigenvectors are not affected by the pumping
level, the second directly proves that Ay(r) > Aj(r) and therefore the eigenvalues are
ordered as they are at threshold. This means, also, that Ag is the largest eigenvalue and
that A\{(r) is the smallest one for any r, and that they are given by:

Ao(r) = (r—1)7, (4.16)
Xo(r) = —(r+1)%. (4.17)

The solution of equations (4.9) and (4.10) and, consequently, the determination of thresh-
old and the corresponding state that will be oscillate first can be connected to the diago-
nalization of the matrix £,, 4. Its eigenvalues Aj and eigenvectors Ek of components Ly,
are obtained from the following system of algebraic equations:

ALy = ch,qu,q. (4.18)
q

Since, for not chirped pump fields, this matrix is self-adjoint and real, the solutions of
(4.18) are all real. Moreover, since 75 and o are also real, two sets of solutions to Egs.
(4.9) and (4.10) exists, which are related to the solutions of Eq. (4.18) according to:

S(+) = Lk,ma S(_) = iLk,rm

k,m k,m

4.19
AE) = (<1 oAg). (4.19)

Let us label by index k& = 0 the solution of maximum value of |Ag|: [Ag| = max {|Ax|}.
When o |Ag| < 1, all the rates /\éi) are negative, which implies that the null solution for
the steady state signal field is stable. For simplicity of notation, Ag will be assumed to
be positive in the following, but in the case of negativity the null eigenvalue at threshold
would be /\é_) instead of /\gr).

Hence )\gﬂ is the largest eigenvalue and the condition )\(()H = 0 sets the SPOPO
oscillation threshold, which then occurs when o takes the value 1/Ag, i.e. for a pump
irradiance P = P;, equal to:

P = Po/A3, (4.20)
where P is defined in Eq. (3.175).

The value of Ay, and therefore of the SPOPO threshold, depends on the exact shape of
the phase matching curve and on the exact spectrum of the pump laser. As will be shown
in section 4.3 through the diagonalization of matrix £, the theoretical SPOPO threshold
is extremely low, of the order of the cw single mode threshold divided by the number of
pump modes. Let us now define the normalized amplitude pumping rate r by:

r = /P/Py, (4.21)
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or 7 = o/, so that threshold occurs at r = 1. In terms of Eq. (4.21) the eigenvalues A\

become:
Ay

AE) — (—1 + er> . (4.22)

4.1.1 Monochromatic pumping: determination of the cw oscillation thresh-
old

In the case of monochromatic pumping, the spectral pump amplitudes are expressed by
Qm = Om,my, Where mg corresponds to the pumped mode (with mgy € Z). In this case the
matrix elements of L(see Eq. (4.6)) are

Ling = fmm+qOm+qmos (4.23)

and the linearized equations (4.4) become

i Sm _ —Vs ’Yso'fm,mo Sm (4 24)
dt S;knofm ’YSO-f’n’LJTL() _rYS S:nofm 7

where the property fom—mg.mo = fm,mo has been used. The eigenvalues of Eq. (4.24) are:
A®) = (<1 £ 0 frmg) (4.25)

This result expresses the fact that the couples of modes m and mg—m attain the oscillation
for the same pump irradiance:

Pay(m,mo —m) = P/ [ o (4.26)

In general, since fngO_m <1, Py, > FPy. The two modes that have a lower threshold and
that attain first the oscillation are those for which fﬁl,mo is maximum. This circumstance
explains the role that the shape of the phase-matching and, in particular, the second order
dispersion have in the modal selection. In fact, from Eq. (3.46) (with A = 0, i.e. the

resonant case), the phase-mismatch angle reads:

Grmmg—m = | %mo (K, — ) Q@+ im% (kp — k) O + %m (mo —2m) E/Q2| . (4.27)
The function f, m, depends on m as far as k! # 0, otherwise the modal selection would
not occur. Of course this argument is valid in the case where higher order dispersion are
negligible, on the contrary they should be considered and modal selection could be still
possible. If the pump field is tuned to the phase-matching frequency so that mgy = 0, the
lowest threshold occurs at m = 0 as well because f&o = 1 and equals Py that therefore
coincides to the cw degenerate operation of an OPO.

4.1.2 Pulsed operation

In the regime for which the pump field is a cw train of ultrashort pulses (about 100 fs) the
pump spectrum {4} is not monochromatic. In particular it will be assumed a Gaussian
spectral profile:

(4.28)
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with N, the number of pump modes (the pump bandwidth in units of the free spectral
range ), which verifies the normalization condition =, |am|* = 1, and p;, an offset of
the maximum of the spectrum from the phase matching frequency.

Using the properties of Fourier transform, the classical uncertainty relation between
the time duration of each pulse of the cw train, say 7, and the spectral bandwidth A in
the conjugate space is given by:

A = 1. (4.29)

For a 100 fs pump pulse it is easy to show that N}, ~ 10°. The number of longitudinal modes
involved in the nonlinear process is of the same order of magnitude and, accordingly, the
linear problem (4.9) and (4.10) consists in a computationally too large number of algebraic
equations to solve at the same time. However, in the next subsection, we will show that
the linear problem can be simplified by exploiting its scalability.

4.1.3 Scalability of the linear problem

In the general case one must diagonalize numerically the linear problem, which in fact
constitutes its true solution. The real difficulty with this comes from the fact that the
matrix to be diagonalized contains a huge number of elements, typically on the order of
10° x 10°, which is definitely too much. The situation can be dramatically simplified from
the computational viewpoint by noting that a scale transformation affecting the SPOPO
parameters allows diagonalization of a much smaller matrix.

Under the assumption that £,, 4 is a smoothest function over its indices, the scalability
of the problem can be proved after replacing the sum over ¢ in (4.18) by an integral:

AL (m) = [ et (m.q) Li ). (4.30)
Explicitly, the form of function £, using Eq. (3.170), is:

fomg OO O )] e
T TR )+ Bop (@) — Bas (M2 g?) TN |

(4.31)
where it has been assumed a Gaussian form for the pump spectrum (other choices can be
taken, such as sech). Let’s now consider a second set of parameters defined by

51 = 6617 /Gép == 02/62})7 /Bés = 625257 (432)
N, = c N, 1y, = ¢ p, (4.33)

with ¢ a (large and) positive real, which, in its turn, defines a new problem. Denoting by
L’ the matrix corresponding to:

sin [Cﬁl (m +q) + 2Bap (m + )% — 2Pas (M? + QQ)}
cfr (m+q) + 2Bap (m + Q)? — 2B (M2 + ¢2)

1 67%{(m+13i)—//:p/0]2

Xi )
/4 /Ny/c

L <m7 Q) -

(4.34)

it is evident that:

L' (m,q) = vcL (em,cq), (4.35)
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for which, the eigenvalue problem is then:

ML (m) = [ ot (m,0) 4 @) (4.36)
Using (4.35), the following change of variables
T =cm, y=cq, (4.37)

leads to

(VeA}) I} (w/c) = / dyL (. y) Ly (y/c).

Finally, comparison with (4.30) immediately yields

A = Al (4.38)
Lgm = Lj(m/c). (4.39)

These two relations are very useful as they allow to compute numerically eigenvalues
and eigenvectors of a real problem represented by L in terms of the corresponding ones of
a toy problem represented by L’ because, according to (4.35), the support of £’ is much
reduced as compared with that of £. In any case the value for ¢ must be chosen adequately
in the sense that the diagonalization of the toy problem can be cast in the integral form
(4.36) so as to keep £ a smooth function of (m, q).

4.2 Diagonalization of the linear problem

The solutions of Eqgs. (4.9) and (4.10) below/at threshold are strictly connected to the
diagonalization (4.18) of the matrix £ according to relations (4.19). Apart from very simple
cases in which the pump spectrum has special shapes, as could be the monochromatic
pump, the diagonalization of £ does not presents a direct, analytical solution. The two
approaches that can be envisaged in order to avoid this difficulty consist either in the
“brutal attack” with a numerical diagonalization or by using an opportune approximation
in order to reduce the solution of Eq. (4.18) to a simpler problem.

In the first case, we have seen that the numerical diagonalization can be a computa-
tionally heavy task when a pump comb consisting of 10°> modes is considered. Luckily, in
the precedent section, we have seen that the problem (4.9)-(4.10) shows a scaling property
grace to which it is possible to reduce it to the diagonalization of a matrix smaller of a
factor ¢ respect to the original one. In the other case, the analytical approach consists
in approximating the matrix £ around the phase-matched frequency wy with a Gaussian-
shaped function thanks to the fact that £ has a compact support. Diagonalization of the
new function is trivial since its solutions are well known [Gradshteyn].

4.2.1 The coupling matrix

Keeping in mind the quantum Langevin equations for the evolution of longitudinal modes
boson operators 5, (see Eq. (3.167)), it is evident that the matrix Ly, ; = frmtq,mQm+q
represents the coupling between a generic pair of longitudinal modes m-q. The two contri-
bution to £ represented by fi,4¢,m and o4 resumes, respectively, the crystal contribution



62 Chapter 4. Classical linear dynamics of SPOPO below threshold

and the pump contribution. From a physical point of view, the first term (f,44,m) rep-
resents the momentum conservation in three photon interaction according the selection
rule:

kp = ks + kg, (4.40)
where the sum of the linear momenta of signal and idler photons (that in our case are
indistinguishable) must equals the momentum of pump photon and fy,4¢,m = 1. In effect,
this selection rule does not need to be strictly observed as suggested by the functional
dependence of the phase-mismatching angle (3.169) on the cardinal sinus. In fact, for
imperfect phase-matching (i.e. ¢, 4 # 0), the contribution of the crystal is still appreciable
as far as ¢y, 4 is small respect to 27. This is the typical situation that occurs in presence
of quasi phase-matched laser beams. Because of the broadband nature of the interacting
fields, the phase-matching condition can be satisfied by several couples of signal photons,
whose ensemble forms a locus of points corresponding to a constant value of the phase-
mismatch angle ¢, 4. If we write Eq. (3.170) in a opportune reference frame (m + ¢ = x
and m — ¢ = y), the phase-mismatch angle reads:

¢m,q = <52p - ;ﬁ%) 33'2 - 525 y2 + ﬂlmv (441)

thus showing that these lines can be either ellipses, hyperboles or parabolas according to
the values of the parameters 31, B2, and (5. In particular, we get ellipses if the condition
(B2p — %/525)/525 > 0, hyperbolas in the opposite case and parabolas in the case where
equality is verified. From Eq. (4.41) the role of the difference between group velocities 3;
represents only a translation in the plane {z,y}.
For typical non-linear crystals, in the transparency region, the main contribution to
the second derivative of the wavevector
Pk 1

W e 20 (w) + wn” (w)] (4.42)

is given by the first term, that is always positive and, thus, G5 > 0. This is a consequence
of the fact that the optical region were the crystal is operated is closer to the red-shifted
resonance than to the blue-shifted one. However this does not prevent the existence of
crystals where this condition could be no more satisfied. Since, the inequality Bz, > % (Bos is
verified too, for typical operation, the hyperbolic configuration is a more common situation
than the elliptical one.

On the other side, the term 44, representing the pump spectrum, reflects the energy
conservation law. Each pump photon of energy Awp ;44 is parametrically down-converted
in a couple of signal photons of energy A (wsm + wsq) according to:

Wp,m4q = Ws;m + Wsq- (4.43)

Because of energy conservation, in the plane {m,q}, the quantity m + ¢ has to be
constant and the pump selects a portion of the matrix fy,, ;44 given by the intersection of
fm,m+q With a straight band oriented along the direction m+q = 2m, where m corresponds
to the maximum of the pump spectrum. Hence, if the pump spectrum is centered at the
phase-matching frequency 2wy (the case we consider) m = 0 and the matrix £ is given by
a portion of the upper branch of the hyperbola crossing {m = 0,¢ = 0} whose width is
selected by the pump bandwidth A, along the direction m — ¢ = 0.
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Figure 4.1: Schematization of the phase-matching matrix f,4¢ m-

In Figure 4.1 a scheme of the phase-matching matrix is represented in the space of
{m, ¢} assuming an hyperbolic case. Since m and ¢ are integer numbers which unambigu-
ously identify the signal frequency ws ., and w4 according to Eq. (3.4), all the quantities
represented in this figure are scaled over the cavity free spectral range 2. Therefore, the
hyperbolas have two branches whose width is N7 (or A} = N1Q) and whose minimum
distance is given by d along the direction m —q = 0. As remarked above, we are assuming
that the maximum of the pump spectrum occurs at the phase-matched frequency 2wy
which corresponds to the point (m = 0,q = 0). Therefore the energy conservation rule
selects a slice of the phase-matching matrix whose direction is m + ¢ = 0 or, in terms
of frequencies, ws,, + wsy = 2wp. Because of the selection acted by the pump, the final
coupling matrix £ has a compact support characterized by two typical width represented

q( 10%

m (' 10°)

Figure 4.2: Matrix £ resulting from the product of a,44 and finigm-



64 Chapter 4. Classical linear dynamics of SPOPO below threshold

by Ni and Ny (respectively A; and Ag). In Figure 4.2 we traced the matrix £ resulting
from the product of the pump and the phase-matching terms. As we can see, the coupling
matrix consists of a bell-shaped main part and oscillating lateral tails due to the cardinal
sinus dependence of the exact matrix. Therefore, the statement that £ has a compact
support is not completely exact, because in principle non-null oscillations occurs at fre-
quencies whose values have not an upper limit. However, it is always possible to show
that the error committed in diagonalization by choosing a limited domain for £ is small,
provided that this domain is enough large to contain sufficient information of the exact
matrix.

4.2.2 Gaussian approximation and analytical diagonalization

The role of the pump spectrum {a,, } is to select from fy,44.m a slice, so that the broader
the pump spectrum the less selective it is. When the pump is centered at the phase-
matching frequency and it is not so broad, for example on the order of the width of the
phase-mismatch factor along the axis m — ¢ = 0, the resulting matrix £ is well confined
within an “ellipse” whose principal axes are oriented along the direction m + ¢ = 0 and
m — q = 0. This allows an approximated description that leads to an analytical solution
of the diagonalization problem. In fact, we can make the assumption that the coupling
matrix is described by:

) e ) (4.44)
where the phase-mismatch factor has been approximated by the following Gaussian func-
tion: ) )

Jm+qm = e_%<T1) e_%<mT_2q) (4.45)
and the pump spectrum has been assumed to be a Gaussian spectrum like in (4.28).
Notice that the exact coupling matrix can be exchanged with the matrix in (4.44) without
loosing too much information as far as the oscillating tails have a negligible contribution
(see Figure 4.2).

In the following, after having retrieved the expressions for the characteristic widths (Ny,
Nj, d), we will define also a criterion able to discriminate between the situations where
this approximation is correct and situations where deviation from “Gaussianity” is more
critical. The characteristic widths are found by comparing a suitable approximation of the
exact coupling matrix around the phase-matched frequency wy with the matrix considered
in (4.44). The idea to substitute the phase-matching matrix with a Gaussian function,
characterized by two widths, has been already used in [Bennink2002, Wasilewski2006a]
for the study of the dynamics of a system consisting in a simple passage pulsed OPA.
We will return in the next chapter on the similarities between the two problems and the
consequences from a quantum point of view.

Along the axis m 4 g = 0, after the rotation z = m+ ¢, y = m — ¢, the matrix (3.168)
reads:
sin (% Bgsyz)

%ﬂ%yz

Since, around the point y = 0, a function sin(y?)/y? can be approximated by the

Jm+q=0 = (4.46)

function e~¥"/ 1 where the parameter n can be opportunely chosen so that the results



4.2. Diagonalization of the linear problem 65

N;

o
T

Figure 4.3: Section of the matrix fy,14,m,m along the axis m — ¢ = 0.

from diagonalization of matrix (4.44) match optimally to the results of diagonalization of
the original matrix (4.6). In our case n = 12, then the comparison with Eq. (4.45) leads

Ny = 23 (4.47)

V |ﬁ25| .
On the other side, along the axis m — ¢ = 0, after the same rotation as above, the
matrix (3.168) reads:

to:

sin [(ﬁ?p - %ﬂQs) z? + ﬁlx]

4.48
(/BQP - %625) z? + 201z ( )

fm—qu =

that has been traced in Figure 4.3.
At small z and keeping in mind that in typical situations® [282, — Bas| < |B1], the
function f,,,—4—o can be approximated by e~ (B12)?/5 Therefore, after comparison with Eq.
(4.45), we obtain:
5/2
A

The values of x for which f,,,—4—o has the two principal maxima are, instead, obtained

Ny = (4.49)

when the argument is zero. Since the first maximum is at x = 0 and the second is found

at & = —|B1]/|B2p — 52|, the distance d between the maxima is:

151

= —\ 4.50
’62p - %/825| ( )

If we adopted different approximations for sin(z)/2 and sin(2?) /22, other values of the
numerical constants in Eqgs. (4.47), (4.49) and (4.50) would be obtained. N; and Ny are
a measure of the spectral response of the crystal, in the frequency domain they define the
following bandwidths

Ay = NiQ, Ag= NoQ, (4.51)

*For typical crystals |k, — ki| ~ 107" — 1077 sm™ and &, |k/| ~ 107%° —107%*s’m™".
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which are independent from the free spectral range. In fact, according to Eqgs. (4.49),
(4.47), (4.51) and keeping in mind the expressions for [-parameters (see Eqgs. (3.171),
(3.172) and (3.173)), we have:

VIO - AV3 (4.52)

TR R TR R

In their turn the bandwidths define the two characteristic times:

1K, - R

Ay

- L 4.53

m Ay V10 (4.53)
1 VIR

o= L VIR (4.54)

Ay 43

which depend on the crystal properties only. Under typical conditions', these times are on
the order of 7, ~ 100fs and 19 ~ 5fs for a crystal length [ = 1 mm, and in general » < 7
whenever [ 2 0.1 ym.

The Gaussian approximation introduced with Eq. (4.44) has a limited validity accord-
ing to the values of the pump bandwidth and the crystal parameters (51, fap, B2s and
[). As remarked above, in fact, the Gaussian approximation can be performed each time
the interplay between the pump spectrum and the phase-matching is opportune. More
quantitatively speaking, we have to demand that the two branches of the hyperbola in
Figure 4.1 are sufficiently separated each other, which is traduced by imposing d > A;
(for example d 2 10A1), and that the pump width is sufficiently smaller than the width of
each branch along the direction m — ¢ = 0 in order that the secondary maxima of fy, m4q
do not show up, which is traduced by demanding that A, < A;. These conditions lead to
the following bounds: ,

5711 220, 2|61|Np, S 1. (4.55)
|B2p - §ﬂ25|

In terms of the crystal parameter and of the pump pulse duration 7, from these
relations, we obtain the two constraints

k! — lk//

1 > M (4.56)
(kp — k)

T 2 |k — KL (4.57)

that have to be satisfied independently. Condition (4.56) is very easily fulfilled and as we
will see in the next section, for a BIBO crystal under typical operation, this inequality
reads [ > 50 um. On the contrary, condition (4.57) is not always met. For example for a
BIBO crystal under typical conditions this inequality reads 7, > 4001 fs x mm™!. Hence,
for a crystal of length | = 1mm, 7, should be larger than 400fs in order the Gaussian
approximation is valid, while for [ = 0.1 mm the condition is met for 7, > 40fs. Let’s
note that condition (4.57) is connected with the walk-off between signal and pump modes
along their propagation inside the crystal so that the smaller the difference between group
velocities or the crystal length, the less restrictive condition (4.57) becomes.

Under the approximation (4.44), the eigenvalue problem (4.18) admits an exact solution
in the continuous limit where the discrete variables m and ¢ become continuous variables
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and the sum is replaced by the integral:
+o0o
| daL (ma) Li (@) = e (m). (4589)

The passage to the continuum is justified if Ay is much greater then the free spectral range
Q. Since typically 8; ~ 1074, from Eqs. (3.171) and (4.51), it directly follows Ny > 1
and, then, the matrix £ can be considered a function that smoothly varies over m and gq.
The eigenvalues are given by (see Appendix A):

Ag = Ao, (4.59)

where:

Ay = 74N, — B (4.60)

p
2 2
To —/T] + T
p= — VP (4.61)
T + ’7'12—|-7'§

which is a geometric progression of ratio p. As discussed above, unless | < 0.1 pym, 75 is
much smaller than 71, hence the quantity

2
3

pr~—1+2 (4.62)

2 2
Ti —I—Tp

is very close to, but larger than, —1. Equation (4.59) corresponds, then, to an alternating
geometric progression of ratio p, whose first element is Ay > 0.
The eigenvectors are (see Appendix A):

2
L= —— 1 3(&) g () (4.63)
7 VK128 11/2 N

where Hj is the Hermite polynomial of order k, and Ny is the number of signal modes

12 [1 1
S . 4.64
Nz T N\ NN (4.64)

Alternatively, Ny = (Q75)~! in terms of the signal pulse duration 74 (corresponding to

72 = 219\ /T2 4 T2. 4.65
s 1 p

We see that the free spectral range () just appears as a proportionality factor in Ay
(through /2N, in Ay, keeping in mind that N, = (27,)7!), but does not affect the signal
pulse duration 7.

given by:

k = 0), which is given by:

The strict validity of these results requires the fulfilling of condition (4.57) that, ac-
cording to the definition of 71 (see Eq. (4.53)) becomes 7, > v/107;. Hence, within the
strict domain of validity, TS > 77 (“long” pump pulses), so that A3 ~ 2,/7 N, is roughly
the (huge) number of pump modes and 75 ~ \/m (note that the signal pulse duration
75 should be quite smaller than the pump pulse duration 7, as 7 < 7).
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According to Eq. (4.20), the predicted SPOPO threshold, in the limit of “long” pump
pulses, is roughly the c.w. single mode threshold P, divided by the number of pump
modes. Under a physical point of view, the reason resides in the fact that parametric
down-conversion can be considered, with a good level of approximation, instantaneous
respect to the pump pulse duration, therefore the efficiency of the nonlinear interaction
is directly proportional to the pump peak power that, for a mode-locked beam, is the
result of contribution of all the modes present in the pump spectrum. For example, if
Ny, =2x 10* (corresponding to 7, = 100 fs and a cavity length L = 2) and considering the
case already discussed (a 100 pm-thick BIBO based linear SPOPO pumped at 0.4 gm),
we obtain threshold pump irradiances Pt(ﬁingly) =31.7 x 1073, 3.96, and 31.7kW cm~2 for
Ts = T, = 0.01, 0.05, and 0.1, respectively. For a typical pump beam radius of 70 um
these irradiances lead to the following pump threshold powers Wt(singm = 0.02,2.2, and
18 mW, respectively.

4.2.3 General case: numerical diagonalization

In the general case, and in particular when the Gaussian limit discussed above is not met, £
has to be diagonalized numerically. However, as explained, the size of this matrix prevents
numerical procedure in practice. As demonstrated in section 4.1.3, the eigenproblem,
univocally defined by (51, B2p, B2s; Np, ttp), can be rescaled according to Egs. (4.32) and
(4.33) allowing the diagonalization of a matrix £’ that is much smaller respect to the
original coupling matrix. The necessary condition for the validity of Egs. (4.38) and
(4.39) is that also £’ be a smooth function over the variables m’ and ¢’. According to
the same reasoning used in section 4.2.2; this is true when N > 1 and, consequently, the
choice of the scaling parameter ¢ have to be done in order to respect (even if not strictly)
this inequality.

Keeping in mind these observations, we applied numerical diagonalization for studying
typical experimental situations in several configurations, eventually comparing the results
with predictions that can be obtained with the analytical model. In particular, we con-
sidered both BIBO and KNbOg crystals in configurations involving different pump pulse
durations 7, cavity lengths L, crystal thicknesses [ and phase-matching conditions, such
as critical or non-critical, that give rise to different dispersion properties. When these
parameters satisfy the conditions (4.56) and (4.57), we found confirmation that the ana-
lytical description obtained in the Gaussian approximation describes very well the results
obtained via numerical approach. On the other side, when that conditions get violated,
deviations from the the analytical results are found.

4.3 Application to BIBO and KNbO3 based SPOPOs

The connection between the linear problem (4.18) and the threshold of a SPOPO permits
to have access to the dynamical properties of the system below/at threshold. According to
Eq. (4.6), since the coupling matrix is the product of the phase-matching matrix and the
pump spectrum, they can be, somehow, controlled acting on the type of phase-matching
or of the pump field.

Under the hypothesis of Fourier-transform-limited pump pulses, the spectrum of the
pump field can be assumed to be in the Gaussian form as in Eq. (4.28) whose bandwidth is
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connected to the time duration of the pulse according to the classical incertitude relation
(4.29). In our analysis we considered a Gaussian pump spectrum, limiting our study to
the dependence of the threshold on A}, (or 7,) without considering spectra different from
Eq. (4.28).

For what concerns the phase-matching, several choices are possible such as the type of
the non-linear crystal, its thickness, the type of phase-matching. For tunable ultra-short
pulse generation, continuous operation of a SPOPO has been demonstrated by Piskarskas
et al. [Piskarskas1988] in a doubly resonant oscillator configuration using a BagNaNbzO14
crystal as the gain medium. Although the doubly resonant configuration results in low
oscillation threshold, it is very sensitive to perturbations since the requirements for simul-
taneous resonance for both the generated fields demands a high stability on the pump
laser and the OPO cavity. Resonating only one of the generated fields in a singly res-
onant oscillator can greatly relax the tolerances on the pump laser and OPO cavity, as
we have already discussed in Section 3.1.5. On the other side, the price to pay is for
an order-of-magnitude increase in the oscillation threshold condition. Edelstein et al.
[Edelstein1989] and Wachman et al. [Wachman1990], first, experimentally demonstrated
the operation of a c.w. singly resonant SPOPO using potassium titanyl phosphate (KTP)
as the gain medium and colliding-pulse mode-locked dye laser as the pump source. In the
quest for more efficient pulse compression, several experimental strategies, leading to the
choice of different kind of nonlinear crystals, type of phase-matching, have been explored.
Among the great variety of crystals, the most exploited have been KTP, BBO and LBO,
and more recently BIBO [Ghotbi2004]. In contrast to the restrictions of standard birefrin-
gent phase-matching, quasi-phase-matching offers several advantages, since PPLN crystals
presents high conversion gain (17 pm/V [Galvanauskas1997]) and a relatively large trans-
parency range thus leading to better pulse compression. Synchronously pumped OPO
based on PPLN has been demonstrated, instead, in [McGowan1998]. On the other side,
in experiments such as the generation of pulsed squeezed light [Slusher1987, Wenger2004],
commonly the choice has fallen on the nonlinearity of KNbQO3 crystals.

We performed numerical calculations on the nonlinearities of BIBO and KNbOj3 crys-
tals for different reasons. The first crystal has been chosen since this work aims at provid-
ing a theoretical support to the experiment set up at Laboratorie Kastler Brossel where
a BIBO based SPOPO is operated in the femtosecond regime. BIBO crystals, in fact,
present at the same time very high resistance to optical damage and the same nonlinear-
ities of KTP [Ebrahimzadeh1991]. On the other side, KNbOg is a nonlinearity that have
been not explored for applications like SPOPOs and consequently can represent a new
situation.

4.3.1 Phase-matching conditions

In accordance with the model developed in Chapter 3, a collinear, degenerate type I phase-
matching will be considered only.
For a BIBO crystal, the Sellmeyer coefficients corresponding to equations:

B;
A2 — C;

n2(\) = A; +

— D)%, (4.66)

can be found in [Nikogosyan2005] and are reported in Table 4.1. Notice that, in eq. (4.66),
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the indices ¢ = x,y, z represent the coordinates in the crystal reference frame and A have
to be expressed in pm.

—e

A; B; C; D;
3.0722 0.0324 0.0315 0.0133
3.1669 0.0372 0.0348 0.0175
3.6525 0.0511 0.0370 0.0266

N < X

Table 4.1: Sellmeier coefficients for BIBO

Since BIBO is a biaxial crystal, the type I collinear and degenerate phase matching
condition (0o — e + e) at the pump wavelength A,

27

oW (no(Ao) +me(2X9)) = 0, (4.67)

in the general case requires to solve the intersection between the plane determined by
—

the pump wavevector k = sinfcos¢u, + sinfsinpu, + cosfu, and the ellipsoid of

the refraction indexes whose principal axes are determined by eqs. (4.66). This problem

can be simplified considering a ordinary pump field polarized along the direction u, and

propagating along a direction laying in the plane yOz (i.e. ¢ = m) so that n, = n, and

ne(0) = <Sin2(7T —0) cos?(m — 9))1/2.

2 2
n; ns

(4.68)

Using Sellmeier’s coefficients and for a pump at 0.4 um, we obtain that such phase-
matching occurs at an angle 7 — 6§ = 151°, in agreement with [Ghotbi2004]. Once deter-
mined the ordinary and extraordinary refraction indexes, respectively for the propagation
of the pump and signal fields inside the crystal, we can retrieve the values of the dispersion
parameters. In fact, from k(w) = wn(w/c), the inverse of the group velocity k' (w) and of
the group velocity dispersion (GVD) k”(w) are:

dn
po— MNTAR (4.69)
C
N Ln
K= 4.
52 (4.70)

where the r.h.s. must be evaluated at w = 2m¢/\. Therefore, for a 0.4 um pump field and
a 0.8 um signal field, the dispersion parameter up to the second order in the perturbative
expansion around the phase matched frequencies are:

K. =6.2664 x 10 ?sm™, K =1.6420 x 1072 s> m’!, (4.71)
ki, =6.6537 x 107 ?sm™, kI =4.7248 x 1072 s m! . (4.72)

In the case of noncritical phase-matching, the phase mismatch is minimized by ad-
justing the crystal temperature so that the phase velocities of pump and signal fields are
equal. Under the simplificative assumption that the fields propagate along one of the
crystal directions {u,u,,u.}, the only possibility to find noncritical phase-matching at
room temperature is a situation where the pump field is polarized along u,, the signal
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x | 4.4308 0.10044 0.054084 0.019592
y | 4.8355 0.12839 0.056342 0.025379
z | 49873 0.15149 0.064143 0.028775

Table 4.2: Sellmeier coefficients for KNbOj3

field along u, and at a pumping wavelength of A, ~ 0.589 um. In such a case, then, the
dispersion parameters are:

K. =6.0390 x 10 ?sm™, & =2.5606 x 1072°s>m", (4.73)
ki, =6.1603 x 10~?sm™, kI =2.1917 x 10725 s’ m! . (4.74)

Let’s consider now a KNbOgs crystal. The Sellmeier’s coefficients given in Table 4.2
can be found, for example, at [SellmeierKNbO3].

As for the previous case, KNbQj3 is a biaxial crystal too. Therefore, for sake of simplic-
ity, we will assume a pump field propagating in the plane Oy (then 6 = 0) and polarized
along u, so that n, = n,. On the other side, the signal field, polarized along a direction
orthogonal to the plane determined by { k ,u.}, sees an extraordinary refraction index
given by:

cos?(m — sin?(m — —1/2
ne(¢)=< ( ¢)+ ( ¢)> : (4.75)

For a 0.4 um pumping (and at room temperature), we found a phase-matching for an

angle ¢ ~ 20°. Therefore, using Eqgs. (4.69) and (4.70), we obtain:

K. =7.6301 x 10 ?sm™?, kY’ =1.1845x10"°s?m, (4.76)
K, =7.7629 x 10 ?sm™, Kk =4.4721 x 107® s m™!. (4.77)

For a noncritical phase-matching at room temperature two favorable situations close
to 0.4 pm exist. In the first case, the pump field is polarized along u,, the signal along u,
and the phase-matching occurs at A, ~ 0.431 ym. In the second case, the pump field is
polarized along u,, the signal along u, and the phase-matching occurs at A, ~ 0.496 ym.
Finally the dispersion parameters (4.69) and (4.70), in the two cases, have been reported
in Table 4.3.

Ap >~ 0.431 pm Ap ~ 0.496 pm
KL (x107%sm™) 7.9868 7.6779
K/ (x1072°s?m™!) 2.7869 1.3196
Kl (107 sm™) 9.1762 8.4323
ki (107222 m!) 1.5945 1.0536

Table 4.3: Dispersion parameters for noncritical phase-matching of KNbOgs at room tem-
perature

As we shall see in the next paragraph, the conditions (4.56) and (4.57) can be sat-
isfied /violated not only by playing with pump pulse duration or crystal thickness, but
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also with an opportune choice of the phase-matching conditions which, among several
possibilities, represent already some significative examples.

4.3.2 The case: 7, = 100fs, L = 4m, [ = 0.lmm

The first parametrical setup we consider is the one corresponding to a ring cavity pumped
by a c.w. train of 100fs pulses at 0.4 um and filled with a nonlinear crystal of thickness
of about 0.1 mm, because this is the setup adopted for the real experiment. The pump
spectrum is assumed to be Gaussian as expressed in eq. (4.28).

Critically phase-matched BIBO

Let’s consider the case of BIBO crystal critically phase-matched at a pump wavelength
of 0.4 um discussed in Section 4.3.1. Using the values of the dispersion parameters of the
crystal in Eqgs. (4.71) and (4.72), the limits of validity of the Gaussian approximation,
represented by Egs. (4.56) and (4.57), reads [ > 50 um and 7, > 40fs and are both
satisfied. The matrix £ corresponding to this parametric case has been traced in Figure
4.4(a) in a frequency representation (where the labels m and ¢ represents the order of
the longitudinal cavity mode expressed in eq. (3.4)), which is the actual matrix to be
diagonalized, while in Figure 4.4(b) the wavelength representation is displayed.

06 07 08 09 1 11 12 13 14 15
m (" 10°) Ay tHm]

(a) (b)

Figure 4.4: Appearance of £ matrix in the case of critically phase-matched BIBO of 0.1 mm
of thickness, in a ring cavity of 4m, pumped at 0.4 um by a cw train of 100fs pulses. In
(b) the axes are wavelengths.

The characteristic times, evaluated from Eqs. (4.53) and (4.54), are 7 ~ 12.25fs
and 7 ~ 1.17fs, in agreement with the previous statement that for typical configuration
T9 € T1. As explained in Section 4.1.3, since the numerical solution of the linear problem
(4.18) is a highly demanding task in terms of CPU resources, the best solution is to exploit
the scaling property illustrated in that section. Such a property, however, is valid only in
the case where the rescaled coupling matrix is still a smooth function over the domain of
integers. Figures 4.4(a) and 4.4(b) have been traced over a grid of 4800 x 4800 points,
with a scaling parameter ¢ = 1000. In this situation, from Eq. (4.49), the rescaled width
N ~ 170 is much bigger than 1, thus guaranteeing the smoothness of £. If we wanted
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Figure 4.5: Comparison between the spectrum of eigenvalues retrieved for a grid of 1600 x
1600 points, a grid of 2400 x 2400 points and a grid of 4800 x 4800 points.

further reduce the dimension of the matrix to diagonalize, we could increase the scaling
parameter ¢ but at the expenses of the validity of the integral approximation (4.30). The
last remark, on the numerical method adopted for diagonalizing the coupling matrix, is
concerned with the fact that, at fixed scaling, the dimension of the grid over which is drawn
L plays an important role from the point of view of the diagonalization and, obviously,
there is a minimum dimension below of which is not possible to go. With reference to
Figure 4.4(a), a diagonalization performed on a grid of 2400 x 2400 points (corresponding,
approximatively, to the red box) gives a spectrum that is correct only for the first highest
eigenvalues (the first 59 eigenvalues), for k > 59 discrepancies between the 4800 x 4800
become evident, as it can be appreciated in Figure 4.5.

The reason is easy to understand. In fact, over the 2400 x 2400-grid, the zones where
there is a residual information about the phase-matching (boxed in green) are neglected.
The progressive enlarging of the dimension of £ leads to successive corrections which make
converge the numerical spectrum toward the exact solution obtained for an infinite space.
In the case presented of a 4800 x 4800 coupling matrix discrepancies are almost negligible
and affect eigenvalues for very high k.

In the light of these observations, we performed numerical diagonalization over a grid of
4800 x 4800 points and with a scaling parameter of ¢ = 1000. The results of such numerical
diagonalization are presented in Figures 4.6 and 4.7 where the spectrum of eigenvalues
and the four eigenvectors, corresponding to the four highest |Ag|, have been compared
with the analytical results obtained from (4.60), (4.62) and (4.63). The comparison of
the analytical eigenspectrum (represented by red dots) with the corresponding numerical
solution (in blue stars) - that we consider the “exact” solution in the sense previously
explained - evidences a good agreement between the two curves. In particular the highest
eigenvalue, which is the one connected to the SPOPO threshold, is Aapayt0 >~ 269.11
from Eq. (4.60) and Apumo >~ 271,71 from the numerical diagonalization, with a relative
error of about the 0.1% respect to the true value Ag = Apum,o. However, from Figure
4.6, there is a substantial difference between the analytical spectrum and the numerical
one that presents little deviations from the geometric progression. The reason resides in
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Figure 4.7: Comparison between the numerical and analytical solutions of the first four

eigenvectors.

the fact that, even if the parameters respect the bounds for the Gaussian approximation,
the coupling matrix £ cannot be completely considered as the Gaussian (4.44) because
the presence of the small oscillations (boxed in green in Figure 4.4(a)) due to the “sinc”
modulation. The maximum relative error does not exceeds 10% for k < 50, while in the
interval 50 < k < 200 does not exceeds the 30%. For k > 200 the discrepancy between
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the numerical and the analytical curves can exceed the 30%, mainly for two reasons. The
first is ascribed to the fact that the analytical curve does not faithfully represent the true
solution and the relative error becomes more and more significative since for k£ > 200
the eigenvalues become small numbers as they converge to 0 for k¥ — oo. The second
reason resides in the fact that even the numerical solution cannot be considered as the
correct one since we diagonalized £ in a truncated space. However, since we assumed a
temporal dependence of the type e+t for the solutions of eq. (4.4), this is not a great
problem because on a dynamical point of view the evolution of the intracavity field, below
threshold, will be steered by the solutions (i.e. the eigenvectors) connected to the greatest
values of |Ag|, while for small |Ax| the dynamics of the corresponding solution is less
important respect to the global behavior of the system. This last remark, therefore, lay in
emphasis the role of the diagonalization of the matrix £ in simplifying the description of
the dynamics of a system, such a SPOPO, where many modes evolves and interact each
other. In fact, since not all the eigenmodes are equally important in the evolution of the
system, from a set of about 10° modes generated by parametric interaction, it is possible
to extract a finite set of eigenmodes (or frequency combs). In the next chapter we will see,
not only, that these objects embody almost all the dynamical properties of a SPOPO but
also all the quantum effects generated by the intracavity parametric interaction.

The eigenvectors fk (for k = 0,1,2,3) connected to the four highest |Ax|, traced in
Figure 4.7 with the blue line, are the solutions obtained form the numerical diagonalization
of L. Let’s note that the eigenvectors fk should appear as combs made up by a discrete
number of frequencies while, in the figure, they have been traced by means of a continuous
line which represents their envelopes.

As expected, since we are considering a parametrical situation that satisfies the condi-
tions (4.56) and (4.57), the eigenvectors are close to Hermite-Gauss polynomials given by
eq. (4.63). In fact, the numerical solution is fitted by a Gauss-Hermite function having
N ~ 236 x 10% and the scalar product fo . CTJO(NS = 236.88 x 103) ~ 0.9991 can be
considered as an indicator of the quality of the fit (GHy,, corresponds to polynomials
(4.63)). Keeping in mind that 75 = (NgQ)~!, the time duration of the generated signal
pulse is about 75 ~ 11.1fs which is an order of magnitude smaller than the pump pulse
width. In fact, from eq. (4.65), we expect a pulse compression of the signal field since
T2 is much smaller than 7, and 7. From a physical point of view, this effect is directly
connected to the fact that the parametric conversion has a broadband gain proportional
to the spectral width As that is about one order of magnitude greater than the pump
bandwidth Ap.

On the other side, the analytical solutions are obtained from eq. (4.63) once calculated
the signal pulse width 75 ~ 9.3 fs from the crystal coherences 71 and 7 given by eqgs. (4.53)
and (4.54) (respectively 12.25fs and 1.17fs). Notice that these coherences are expressed
in terms of the crystal dispersion parameters k' and k” when the Gaussian approximation
of the coupling matrix is considered. They have been traced in Figure 4.7 with the dotted
red line. In particular, the scalar product with the numerical solution amounts to about
0.9954.

As shown in Section 4.1, from a dynamical point of view, when all parameters are real,

)

in particular when the pump field is assumed to be not chirped, two kind of solutions, S/,(c i

and S\7) of eq. (4.4) are admitted according eqs. (4.19). For a given k and assuming for a

k,m>
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while that Ay > 0, the solution S,E,?L will attain its threshold /amplification (i.e. )\,(j) >0)
when oA > 1. At the same time, the solution )

fm in quadrature with the previous one,
cannot attain its threshold /amplification (i.e. A,g_) > 0) since the condition oAy > —1 is
not satisfied. Conversely, the opposite situation occurs when Ay < 0. Since the spectrum
of eigenvalues is approximatively an oscillating geometric progression, the first mode that
will attain the oscillation, by increasing from 0 the pump power, is S(()j;,)l whose threshold
coincides with Py, (see eq. (4.20)). Above this value the condition for oscillation will be
attained by the other solutions in the order ?g_), ?éﬂ, e ?g;)_l, ?éz), .... However,
as for lasers, the first mode that attains the threshold kills the oscillations of all the others
and it is the only one to be amplified for pump powers above Pi;,. In the ambit of a below
threshold theory, all the solutions are dumped, nevertheless these properties will be reveal
important from quantum point of view. From eq. (4.20), a threshold of Wy, = 4.1 mW is
readily obtained for the corresponding eigenvalue Ay = 271.71 in the case of ring cavity

singly resonant SPOPO with Ty = 0.01 and a beam waist of 70 um.

Non-critically phase-matched BIBO

In the case of non critically phase-matched BIBO, at room temperature, the pump field
must be tuned at a wavelength of 0.589 um. In this situation, eqs. (4.56) and (4.57)
reads [ > 0.1mm and 7, > 12fs. Even if the condition on [ is only just verified, also
this parametrical situation satisfies the Gaussian approximation . We will give later an
explication showing that, for such situation, the bound on the crystal thickness can be not
strictly observed for particular values of the pump pulse duration in order to still consider
the Gaussian approximation valid. The results obtained from the diagonalization of the
coupling matrix shows a good agreement with the analytical solutions as discussed in the
previous parametrical case and does not represent a new situation. For the spectrum of
eigenvalues, the numerical diagonalization of £ gives Ag ~ 272.9 that have to be compared
with the analytical result Ay ~ 270.1, with a relative error of about the 1%. Therefore,
in the case of a ring cavity singly resonant SPOPO with 75 = 0.01 and a beam of 70 um,
a threshold of 4.1 mW is obtained. For what concerns the eigenvectors, the agreement
between the numerical and the analytical solutions is quantified by the scalar product
which amounts to 0.9950 while, from eq. (4.65), the signal pulse duration is about 75 ~
12.11s.

Critically phase-matched KNbO3

For the KNbOj3 crystal critically phase-matched at a pump wavelength of 0.4 pm discussed
in Section 4.3.1 the conditions (4.56) and (4.57) reads { > 0.4mm and 7, > 13.3fs. While
the condition on the pump pulse duration is largely satisfied, since we are considering a
0.1 mm-thick crystal, the bound on [ is violated. A priori, then, we would expect that
the numerical diagonalization of £ leads to results that are in disagreement with Egs.
(4.59) and (4.63). In fact, observing the phase-matching matrix, shown in Figure 4.8(a),
is characterized by coherences 71 ~ 4.2 fs and 7 ~ 1.0fs, obtained by using the dispersion
parameters of the crystal in (4.76) and (4.77). Since 71 is about one order of magnitude
smaller than the cases previously shown, in the frequency domain this is translated in
a spectral width A; that is one order of magnitude bigger (about 2.38 x 104s!). On
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Figure 4.8: Critically phase-matched KNbOg of 0.1 mm of thickness, in a ring cavity of
4m, pumped at 0.4 um by a c.w. train of 100 fs pulses. Appearance of the phase-matching
matrix (a) and of the coupling matrix £ (b) in the frequency representation.

the other hand, the distance d between the branches of the hyperbola evaluated along
the direction m — ¢ = 0, in the frequency domain, is about 6.84 x 10's!. In order the
Gaussian approximation to be valid, we imposed the condition that d = 10A; that in this
situation is not satisfied. However, this situation is not dramatic since, on the other hand,
the pump bandwidth A, ~ 103 s is one order of magnitude smaller than A; and thus
the energy conservation constraint selects only a small slice around the phase-matched
principal maximum (corresponding to m = ¢ = 0), without including “sinc” oscillations
or the second branch of the hyperbole that would play a role in deviations from the
Gaussian limit. Resulting from the interplay between the phase-matching condition and
the energy conservation, the coupling matrix, shown in Figure 4.8(b), consists in a bell-
shaped function centered in m = ¢ = 0 that still can be thought as Gaussian function
similarly to the previous cases, therefore we expect that the numerical solutions are in
accord with the analytical ones. The spectrum of the eigenvalues has been traced in
Figure 4.9, where the numerical and the analytical solutions are compared. Like in the
previous cases the agreement is confirmed by the fact that the relative error between the
numerical and analytical eigenvalues does not exceed the 10% for k < 50 and it is less
than the 30% for k < 200 while for the maximum eigenvalue the relative error is less then
the 1%. In particular we have Ag ~ 273.37 which gives a threshold of Wy, ~ 0.44mW
for a ring cavity singly resonant SPOPO with Ty = 0.01 and a beam waist of 70 pm. In
Figure 4.10 are compared, instead, the eigenvectors obtained numerically and analytically.
The compatibility of the two results is confirmed by a scalar product of about 0.9906,
which, therefore, puts into evidence the fact that the solutions obtained in the Gaussian
approximation are able to describe the numerical results in a parametrical situation that
seems to violate the condition on the crystal thickness. Introducing the values of the
crystal coherences 71 and 7o in Eq. (4.65), the signal pulse width results to be about
Ts ~ 10.0fs.
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4.3.3 Non-Gaussian configurations

We have seen in the previous subsection that, for parametrical configurations satisfying the
bounds (4.56) and (4.57), the analytical solutions (4.59) and (4.63) describe with enough
accuracy the results obtained from the numerical diagonalization of the coupling matrix.
However, in particular conditions (for example for special choices of the nonlinearities or
of the phase-matching conditions as it is the case of the critically phase-matched KNbO3),
parametrical setups violating these bounds could exist. In such cases the efficacy of the
analytical prediction rapidly run out and the numerical diagonalization is the only support.
In a first instance, then, understanding how and how much such predictions deviate from
the “true” solutions is an important issue. Nevertheless, we will see in the next chapter that
configurations violating the Gaussian limits are even desirable for certain applications.
Therefore, learning to master the parameters at stake in order to enhance the wanted
effects becomes a critical point. In the case of the KNbOj3 the choice of the phase-matching
conditions leads to a violation of the condition (4.56) on the crystal thickness that, however,
reveals to be not critical since the pump bandwidth is small enough to prevent deviations
from Gaussian solutions. Then, the condition (4.57) on the pump pulse duration results
to be a stronger constraint. Moreover, the violation of the Gaussian limits by means of the
good choice of the nonlinearities or the phase-matching operation may results too difficult
or too tough to be properly mastered and it is clear that such way should be engaged as
“extrema ratio”. On the other hand, acting over the crystal length [ or the pump pulse
duration 7, represent a more flexible manner to master the “Gaussianity” of the problem
also in view of an experimental implementation.

Critically phase-matched BIBO with | = 5mm

For the parametrical situation illustrated above, where a critically phase-matched 0.1 mm-
thick BIBO crystal is pumped at 0.4 pm, the bound (4.57) reads 7, 2 40 fs which is largely
verified for a c.w. train of 100fs pulses. In fact the numerical solutions obtained from
the diagonalization of £ results to be well described by Egs. (4.59) and (4.63). However,
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Figure 4.9: Comparison between the numerical and analytical solutions of the eigenspec-
trum.
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Figure 4.11: Appearance of £ matrix in the case of critically phase-matched BIBO of 5 mm
of thickness, in a ring cavity of 4 m, pumped at 0.4 ym by a c.w. train of 100 fs pulses.

from Eq. (4.57), the choice of a thicker crystal permits to violate such limit. A strongly
non-Gaussian configuration can be obtained in correspondence of a 5 mm-thick crystal. In
such case the Gaussian limit for the pump pulse duration reads 7, 2 1.94 x 10712, which
is violated for 100 fs pump pulses. The coupling matrix corresponding to this situation is
illustrated in Figure 4.11.
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Figure 4.12: Comparison between the numerical and analytical solutions of the absolute
value of the eigenspectrum.

In terms of frequencies, a non-Gaussian configuration occurs when the pump spectral
width A, is sufficiently greater than the bandwidth A; of the phase-matching function.
In this case, indeed, the pump is large enough to select not only the main peak of the
cardinal sinus modulation of the phase-matching matrix, but also the secondary maxima,
as one could easily realize by comparing Figure 4.11 with the Gaussian case represented
in Figure 4.4(a). This has an important consequence for what concerns the eigenvectors
and eigenvalues of £ that have been reported in Figures 4.12 and 4.13. In Figure 4.12, the
spectrum of the eigenvalues obtained from the analytical solution (4.59) (red circles) shows
a great discrepancy with the eigenvalues obtained from numerical diagonalization of L.
In particular, the eigenvalues flatten around the critical value Ag ~ 36 in the first part of
the spectrum (for k < 50), while the Gaussian approximation predicts always a geometric
progression-like behavior with a critical eigenvalue Agauss,0 =~ 44. On the other hand, in
Figure 4.13, the eigenvectors retrieved in the Gaussian approximation (4.63) do no more
fit the numerical solutions which still preserve a shape similar to Gauss-Hermite functions,
but, nevertheless, are affected by a small modulation of the spectral amplitude. From a
physical point of view, the Gaussian limit corresponds to the optimal circumstance where
the length of the nonlinear crystal is sufficiently small to prevent the pump and signal
pulses from spatially separate inside the crystal because of the difference between their
group velocities. In other terms, this amount to require the temporal walk-off, between
pump and signal pulses, be not greater than the pump temporal width 7,. In this way,
all the pump energy is optimally transferred, inside the crystal, towards the signal pulse.
On the contrary, when we are considering a non-Gaussian configuration, the overlapping
between the pump and signal pulses is not perfect all along the crystal, thus preventing
an optimal energy exchange between the two fields. At the light of this interpretation, it
is quite natural, then, to expect threshold that is higher (and consequently a Ag which is
lower) than the prediction of the Gaussian approach. Therefore, if the temporal walk-off
is big enough, we can manage to approach the eigenvalues of several eigenmodes simply
because we are making energetically disadvantageous the coupling between the pump and
signal field.
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Figure 4.13: Comparison between the numerical and analytical solutions of the first four
eigenvectors.

We can explain this result in different way, too. Let’s notice that the critical eigenvalue
obtained by means of the Gaussian approach (see Eq. (4.60)) depends on the number of
modes in the pump pulse N,,. Since we observed that, beyond the Gaussian limit, the
spectral width of the pump field is greater than the phase-matching bandwidth Ai, not
all the N, pump modes are equally phase-matched and, then, not all can transfer energy
towards the signal modes. We see, therefore, that this picture confirms a lower threshold
(or higher Ag) for a non-Gaussian configuration. Moreover, we think that the modulation
of the spectral amplitude of the eigenvectors of £ can be equally be ascribed to the cardinal
sinus modulation of the phase-matching matrix, which is impressed on the signal modes
by means of the not equally phase-matched pump modes. However, we have not yet
completely understood this mechanism, which deserves a more accurate study.

The dependence on the crystal thickness [

The passage from a Gaussian to a non-Gaussian regime can be performed, then, simply by
increasing the crystal length in order to induce a temporal walk-off between the pump and
signal pulses. It is interesting, hence, to study how the threshold behaves as a function of [.
A priori, the analytical results obtained in the Gaussian approximation when the condition
7 < |kp,—k{|l is violated are not supposed to be in agreement with the numerical solutions.
Indeed, in the situation considered above, with [ = 5mm, the value of Ay obtained by the
analytical approach is in complete disagreement with the numerical value. Nevertheless,
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let’s consider Eq. (4.60) in the limit of very large I. Since from Eq. (4.53), in such case,
T1 > Tp, then Ag asymptotically converges to:

1
AO ~ 7'['1/4\/ QONp‘leipkl‘j (478)
p s

This expression suggests that the product Agl is constant for values of [ compatible with
a non-Gaussian regime. In Figure 4.14, then, we report the values of this product as a
function of the crystal thickness. For | < Imm the analytical solution, as expected, is
in good agreement with the numerical one, while for greater thicknesses the discrepancy
is significative. This is an expected results, since, the analytical solution for the critical
eigenvalue has not validity when the condition (4.57) is violated. However, the fact that
also the analytical solution reaches asymptotically, for increasing [, a plateau suggests a
1/l-like behavior of Ag. A possible interpretation, in the light of what we have observed
above, is that the number of pump modes actually involved is smaller than the nominal
value IV}, in agreement to the observation that, when the pump pulse width is smaller
than 71 (or equivalently A, > A;) not all the pump modes are phase matched.
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Figure 4.14: Dependence of the product Ag x [ on the crystal length [ for numerical and
analytical solutions.

4.4 SPOPO injected with a chirped pump field

In Section 4.1, the assumption of real dynamical constants and the property of the coupling
matrix to be self-adjoint lead to two sets of solutions {?,(j), y,(g_)}, of Eq. (4.4), satisfying
conditions (4.19). In general, these conditions do not hold any longer when ~, 7;,, o and
L are not real. In particular this situation occurs when £ is complex, usually in presence
of frequency dependent pump field phase.

The chirp is usually understood as the time dependence of its instantaneous frequency.
For example, a pulse with a Gaussian envelope and quadratic temporal phase:

E(t) = |B(t)]e*®) = Epe~o it (4.79)
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is associated with an instantaneous frequency which varies linearly in time:

0P
t) = — = 2bt. 4.80
wlt) = 5 (150
Intrinsically connected to a nontrivial dependence of the spectral phase ¢(w), defined
as:

E(w) = |E(w)[e"?™), (4.81)

on the frequency components w, in the Fourier space, the chirp can be explained by the
presence of a dispersion of the group velocity which causes different delays for each spectral
components. The expansion of the spectral phase around the phase-matched frequency
2wq gives:

0%

— (Wpm — 2w0)® + ..., (4.82)

1
(wpvm - 2000) + 5 aw2

w=2wq

‘P(wp,m) = SO(WI%O) + O

w=2wq
that, after Eq. (3.36) and under the assumption that the pump field is resonant with the
OPO cavity (i.e. A ~0), can be rewritten as:

©(wWpm) = ¢ + ¢1m + P2 m?+ ..., (4.83)

o) 0
where ¢g = p(wpo), $1 = a—f‘% and ¢o = %QQ 8—&‘% .
0 0
Arresting the expansion up to the second order and neglecting the factor ¢, since it
represents a simple time delay, the pump field defined in Eq. (3.5) can be cast as:

[P By .
Eext (t) =1 foc ; ame z(2w0+me)tez¢2 m? + c.c.. (484)

The quadratic dependence of the field phase on wy ,, corresponds to a group delay

Op

= 2, >~ 9 (Wp,m — 2wp) (4.85)

2wo

T(wp,m)

linearly varying with the spectral components also known as second-order chirping. From
Eq. (4.84) directly descends the fact that

L= L, gei2 (T (4.86)

is a complex matrix. In such case the classical couterpart of the linearized Langevin
equations for the resonant signal field are (see Eq. (4.4)):

% < " ) =~ (1= o) ( . ) , (4.87)

where s is the vector defined in Eq. (4.3) and:

N 0 £ch
[ = . T 4.88
(a:s,q 0 ) o

which is, still, a self-adjoint matrix. Then, all its eigenvalues A, are real numbers. As for

¥ <£> | (4.89)

its eigenvectors ¥, denoting them as:
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they verify:
L L' = AL, (4.90)
LY L = AL (4.91)

Since A is real, by complex conjugating Eq. (4.90) and comparing with Eq. (4.91), we
find that:

L' =1I* (4.92)

and relations (4.90) and (4.91) becomes:
L. = AL, (4.93)
LY.L = AL (4.94)

Multiplying by —i Eq. (4.93) and by i Eq. (4.94), we obtain the following:
Leb. (—z‘E) = (=A) (zi) , (4.95)
£ (u’j> = (=A) (—ii*) : (4.96)

from which it follows that if ¥ = col (E,E*) is the eigenvector of £ with eigenvalue A,

then, ¥ = col (ZE, —ZE*> is eigenvector with eigenvalue A’ = —A as well. This result is
equivalent to the one obtained for the real case in Section 4.1, since two eigenvectors in
quadrature, \If,(:r) and \Il,(c_), correspond to a positive A and a negative —Ag. However, if
in the real case the diagonalization of L is directly related to the diagonalization of one
of its blocks (i.e. L£%), a priori this is not possible for a complex L. Anyway, provided

that (E, E*) is an eigenvector of £, by multiplying Eq. (4.94) from the left by £ and

introducing Eq. (4.93), a simplification can be achieved noting that the following relation:
(zch : z:ch*) L=AL (4.97)

permits to get the eigenvectors and the eigenvalues of L apart from a global phase. Let’s
denote with L,y the eigenvectors obtained from Eq. (4.97) (with eigenvalue A2) and by
L = e[, the eigenvector of (4.93) and (4.94) with a phase . In order to determine 7,
we make use of Eq. (4.93):

Leb. (eiﬂiaux) — A (&ﬁaux) , (4.98)
which, written in terms of its components, leads to:
(ﬁCh ’ E;ux>
Afl m
(Zaux)
m

Since A is determined from Eq. (4.97) up to a sign, two values for the phase 7, differing

= 2, (4.99)

by 7 /2, are obtained, in accordance with the fact that the eigenspectrum of £ is made up
by couples of eigenvalues A1 = £+ A2. Then we obtain:
Leh . E*

aux

At ( >m = 2t (4.100)

(Lo
m
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with n_ = n4 + 7/2, which finally determine the searched eigenvectors.
Vectors L and L* are not eigenvectors of the matrix £, hence their orthogonality must
be studied. We can prove the following:

Proposition 5 Given any two eigenvectors \Il;: and \I/l+ (or ¥,  and V" ) with eigenvalues
Al and A (or Ay and A} ), then:

Li - L= 6y (4.101)
Writing Eq. (4.93) in terms of its components and using the symmetry £f}; = Lﬁgflm, we
obtain:
Y Limalig = LigLim = McLim, (4.102)
q q
which, in vector form, reads:
Lj- £ = ALy (4.103)

By computing the quantity I_:;k Lo I_;,’g and using alternatively (4.93) and (4.103), we
obtain:
AMLp - Ly = ALy - L (4.104)

Since Aj and A; are real, the phase of I_:f . Ek and El . I_jz must coincide, but, as they
are complex-conjugate, both must be real and the equal. Thus we obtain:

(A, —A)Lf - Ly, = 0, (4.105)

from which directly follows (4.101). The relation (4.105) can result problematic when
A = A;, with k # [, in which case the subspace spanned by the two vectors is degenerate
and on can find suitable new vectors satisfying Eq. (4.101). However, such situation is
very exotic since in usual experimental situations the eigenspectrum is never degenerate
(as we have seen in Section 4.3). In the following we will show a second property that will
be useful in the next chapter.

Proposition 6 Given a complete set of eigenvectors of E, it is possible to write:

Long =Y 2MLymLg, (4.106)
k

Lhg= 2MLj Ly . (4.107)
k

This proposition follows directly from the spectral theorem. In fact, for a given set of
eigenvectors {\Ilgj), \Ilé_)} with eigenvalues Ay, the matrix £ can be written as:

L= n0e (xpfj))T +3 (AT @ (\If,(;))T , (4.108)
k k

which becomes:

£ = 3N { (%Z) ® (E,z, E;;T) - (_Zii“k) ® (-ii,ﬁ, iI_;ZT)}

k

R ot
D Lp Ly ) (4.109)
- rell o
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and straightforwardly demonstrates the proposition.

The properties we have shown here are useful for characterizing the classical dynam-
ics of a SPOPO in presence of a chirped field by means of a decomposition over non
monochromatic modes, similarly to the analysis we discussed in the previous sections in
the case of not-chirped pump field. Moreover, from a quantum point of view, Proposition
6 is necessary for a complete equivalence of the modal-decomposition (see Section 5.1.1) of
the signal output field with not-chirped cases. However, in this thesis we will not present
the results for this case, which will be the object of future works.
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N the previous chapter we have studied the classical behavior of the SPOPO intracavity
field mean values in the below threshold regime. Its linear dynamics can be decom-
posed into a discrete basis of independently evolving frequency combs. The threshold

of the device corresponds to the threshold of the mode with the faster dynamics and that,
consequently, will attain the oscillation faster than the others. To some extent, therefore,
from a classical point of view, the dynamics of the other modes has less importance. On the
other hand, for a complete quantum characterization of the output field, below threshold,
as announced in Section 2.2, we have to consider global quantum noise properties of whole
the set of modes. We discover, then, that the SPOPO dynamics is formally equivalent
to the dynamics of N single-mode OPOs, squeezing the noise fluctuations of the signal
field in each one of the modes of the basis. Once verified the multi-mode character of

87
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SPOPO systems, special combination of combs can be considered in order to put in evi-
dence multi-mode non-classical correlations. The demonstration of their feasibility, under
certain conditions, suggests SPOPOs as possible sources by means of which multi-partite
entanglement can be investigated or protocols for the quantum communication can be
implemented.

5.1 Multi-mode representations

As discussed in Chapter 2, from a classical point of view, the field generated by a SPOPO
device which is the result of a coherent superposition of longitudinal modes can be always
thought as single-mode provided that it is observed in the good basis (for example the
one built starting from the vector (2.31)). Nevertheless, from a quantum point of view
the situation is more complicated since the down-converted photons are generated not
necessarily in a particular longitudinal mode but in a wide range of modes limited only
by energy-conservation and phase-matching conditions. In fact, for a given photon in a
general longitudinal mode of the signal field, one cannot trace back the pump photon who
generated it since the energy and momentum selection rules allows several possibilities.
Thus, an excitation in one longitudinal mode of the signal field could be connected to
several different couples of down-converted photons and, a priori, the signal field cannot be
more considered as a coherent superposition of modes since there are not-trivial quantum
correlations distributed among its whole spectrum and, then, its “multimodicity” has to
be thoroughly investigated.

Although the description of pulsed beams in the context of the parametric down-
conversion, such as the mode-locked beam outgoing a SPOPOQO, involves a very large number
of degree of freedom (about 10° modes for the case which we are interested to), their
quantum properties do not necessarily involve all of them. As discussed in Section 2.2,
one could construct a set of modes, as linear combination of the canonical ones, in order
that, in such a modal picture, the global quantum state of the beam can be written as
P = Poxc @ Pvac, Where pexc 18 some nontrivial density operator of few excited modes and
Pvac 1s the vacuum state density operator of the remaining modes. Therefore, the critical
question is how to identify which modes are relevant in the quantum description of the
considered field.

The interest in pulsed squeezed light and in general in two-photon quantum correla-
tions in pulsed systems dates back to the first experimental realizations by Slusher et al.
[Slusher1987] since nonclassical properties of quantum states find applications in quantum
communication and quantum information protocols. In the small gain regime of paramet-
ric conversion of simple pulses, Law et al. [Law2000] have shown the existence of a finite
but not null set of “special” two-photon modes (not monochromatic), among an infinite
number of degrees of freedom, which contribute to and completely characterize pairwise
entanglement. The set of these modes, as we will see, introduces a discretization of the
continuum which is exact (not an approximation) and unique.

A simplified picture of the experimental situation considered by Law et al. consists of
a single pump pulse impinging a degenerate optical parametric amplifier. If the field at
the down-converted frequencies is initially in the vacuum state |0), the output state can
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be written as:
[tbout) = Ulthin) = 0) + % /dw dw' ¥ (w,w’) al (w)al (') 10), (5.1)

where ¥ (w,w’) is the symmetric two-photon wave function given by the product of the
spectral pump amplitude at the frequency w + w’ and the phase-matching function at the
down-converted frequencies. By performing the Schmidt decomposition, ¥ can be put in
the form:

U (w,0) =YV Anthn (w) ¥ () (5.2)
n=0

where A\, and 9, (w) are the solutions of the integral eigenvalue equation:

/dw/ U (w, ") ¥ (W) = Aty (W) (5.3)

The mathematical properties of the eigenvalues and eigenvectors of Eq. (5.3) can be
found more detailed in [Tricomil967, Parker2000]. Here we will limit to remark that for
quadratically integrable kernels, such as ¥ in equation (5.3), the spectrum of eigenvalues
{A\n}nen has infinitely many nonzero values and have no accumulation points (i.e. the
eigenvalues do not form a continuous set) except at zero. The use of Schmidt decomposition
for continuous variables has been previously discussed in problems focused to quantify
entanglement for two-photon wave-functions [Parker2000, Huang1996].

The decomposition performed suggests the introduction of a set of field operators
defined by:

by = / dw iy (W) @ (W), (5.4)
which are not monochromatic. These operators satisfy standard bosonic commutation
relations [Bn, l;In] = 0p,m, which directly follow from the orthogonality of the eigenfunctions

¥, (w) and, unlike the canonical set of annihilation operators a (w), they forms a discrete
set. In terms of b, the two-photon wave-function reads:

. 1 .
ow) = Ultha) 2 10) 45 3 v/ bl,”10). (5.5)

in which the continuous integral in Eq. (5.1) has been replaced by an infinite discrete
summation. The wave-function (5.5) can be obtained from the perturbative expansion of
the multimode squeezing operator of the form:

Uzéexp{@? [5;2_32}}. (5.6)

This result has been retrieved with a different approach in [Xin1990] by disentangling the
N-mode squeezing operator defined in general manner as:

Sx (€) = exp{; [&TTgaT — ATga} } (5.7)

where @ = (G1,...,ax)" and € is a symmetric N x N matrix.
The advantages of using the Schmidt-mode representation are now clear. In fact, ac-
cording to the picture (5.5) or (5.6), two-photon correlations - which in the specific case
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of degenerate parametric conversion correspond to the squeezing properties of the beam -
appear only in Schmidt modes and the decomposition identifies precisely in which modes
photons go as pairs. On the other hand, the values of \;; determines the occupation prob-
ability of the corresponding mode. Since the analytical properties of the eigenspectrum
of (5.3) require it to converge asymptotically towards zero, only a finite set of \,’s will
have a significant value. Therefore the representation (5.5) gives an information about
the effective dimension of the Hilbert space in which the state of the signal field lives. In
the eventuality that only one eigenvalue has a not null value, a single modal description
of the field completely characterizes the considered quantum state. The “pulse mode” in
which the Schmidt operator by generates or destroys a photon is easily retrieved from the
definition of the field operator:

E) (, /d e w(t=7), 5.8
z) v 2eocn (58)

By using the completeness of 4, (w), the field operator takes the simple form:
x) = Zf)nun <t - E) , (5.9)
n

when the “pulse mode” is defined as:

_ hw w e—iwt
h = / o gt (5.10)

The multi-modal approach depicted above turn out to be a powerful tool for a mean-
ingful and complete characterization of the quantum state of an optical pulse. In 2002, R.
S. Bennink and R. Boyd [Bennink2002], on the basis of the results obtained in [Xin1990],
extended the approach of Law et al. to multi-mode squeezed light generated by para-
metric down-conversion. A similar approach was independently developed by Opatrny
[Opatrny2002] for the complete characterization of the quantum state of solitons in opti-
cal fibers. The approach used by Bennink and Boyd not only introduces the concept of
eigenmodes of the squeezing, which have the same physical interpretation of the Schmidt
modes, and provide insight into the correlations which exist in multi-mode squeezed fields,
but also gives information on the mode structure of the local oscillator that should be
used in order to measure the smallest quadrature noise. In fact, although the impor-
tance of mode matching in homodyne detection was already known (see for example
[LaPortal991, Kim1994, Werner1995, Levandovsky1999]), the typical experimental setups
were suboptimal while, in such cases, the shaping of the local oscillator according the multi-
mode theory suggested by Bennink and Boyd lead to a great improvement of squeezed light
measurements in accordance with the results of the theory.

A modal decomposition as the one discussed above in the case of small gain exists also
in a generalized form, far from the perturbative limit, as long as the multi-mode evolution
remains linear in the field operators. This usually happens when the pumping fields are
strong enough that their quantum fluctuations and pump depletion may be neglected.
In such case the evolution of the field can be written as a Bogoliubov transformation
[Ekert1991] which connects the the output field operator Gout (w) to the input field operator
ain (w):

dout (W) = /dw' [C’ (w,w) ain (W) + S (w,w') Gin (w)q . (5.11)
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The reduction of linear Bogoliubov transformations is given by the Bloch-Messiah
theorem for bosons [Braunstein2005] which is a formal extension of the original result for
fermions [Ring1980]. For the transformation (5.11) the Bloch-Messiah reduction leads to
the decomposition:

Cww) = Y Cathn (@) 5 (&), (5.12)
n=0

S(w, o) = > &athn (@) o5 (&), (5.13)
n=0

where v, (w) and ¢, (w) are two independent orthonormal sets of functions and ¢, and &,
are two parameters which have to satisfy:

=& =1, (5.14)

which comes from the fact that the output operators must satisfy the canonical commu-
tation relations. Analogously to Eq. (5.4), we can define a discrete set of field operators
according to:

b = [ b ()i (o), (5.15)
Z;out,n = /dw on (w) Gout (W) ) (516)

whose evolution is completely characterized by the following transformation:
Bout,n = IA)inmcoshr + ngn ,sinhr, (5.17)

with ¢, = coshr, &, = sinhr and r a real number. It is clear then, from Eq. (5.17), that the
Bloch-Messiah reduction permits the description of a multi-mode optical field by means of
a discrete set of squeezing modes evolving independently, generalizing the result obtained
in the limit of small gain represented by Eq. (5.6). One of the most relevant implications
of this theorem is that any optical circuit, characterized by a linear input-output relation,
can be equivalently obtained with a system made of a linear multi-port interferometer
(performing a linear local transformation) followed by the parallel application of a set of
single-mode squeezers and then another multi-port interferometer as shown in Figure 5.1.
As a consequence the number of independent modes, in the Bloch-Messiah reduced form,
represents an intrinsic and irreducible resource of squeezing of any given multi-port optical
device. A smaller number of squeezers will not result sufficient for the device construction.
In the same manner than the \,’s of the Schmidt-mode representation, the minimum
number of Bloch-Messiah modes necessary to completely characterize the optical system
is intrinsically connected to its “multimodicity” since it determines the effective dimension
of the Hilbert space in which the quantum state of the system can be written, as in the
beginning of this section, by means of a density operator p = fexc ® Pvac-

As an example we can consider the field generated by a two-mode down-converter
through an interaction Hamiltonian of the form:

iy o (alal - inas) (5.18)
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Figure 5.1: An arbitrary complicated multi-mode interaction may be decomposed by

Bloch-Messiah reduction into an input linear multi-port followed by an irreducible number
of squeezers and an output multi-port coupler.

The Bloch-Messiah theorem states the equivalence with an optical system formed by
two squeezers acting on the two independently evolving modes:

iy = “1\%“2, T — (5.19)

and mixed at a 50/50 beam splitter. We discover, therefore, that the equivalence between

squeezing and entanglement, discussed in the Section 1.3.5, finds in the Bloch-Messiah
theorem an elegant generalization to multi-mode bosonic fields.

In its original form the Bloch-Messiah theorem was introduced by Braunstein for dis-
crete bosonic linear systems [Braunstein2005] and only later was extended to continuous
system. In particular it has been adapted by Wasilewski et al. to the characterization of the
spectral properties of squeezed light produced be means of pulsed, single-pass degenerate
parametric down-conversion [Wasilewski2006a] and of the quantum entanglement of Stokes
light in single-pass stimulated Raman scattering by atomic-ensembles [Wasilewski2006b)].

5.1.1 Definition of “super-modes” in SPOPOs

In the case we are interested in, instead of the simple passage of one short impulsion
through a nonlinear medium, a mode-locked coherent field (described by a comb of fre-
quencies) interacts with a nonlinear medium inside a cavity which is supposed to be reso-
nant with all the frequencies of the comb. Therefore, in contrast to the situations analyzed
in [Law2000, Wasilewski2006a], we are in a context of a system with a discrete, but still
huge, number of degrees of freedom represented by the longitudinal modes of the comb
whose evolution is described by the discrete set of bosonic operators {8, }mez. As seen in
previous chapters, in a typical experimental situation the mode-locked beam pumping a
SPOPO consists of about 10° longitudinal modes. Following the evolution of each degree
of freedom and characterizing the quantum properties of such field is not convenient, there-
fore making a multi-mode approach to the problem advisable for a compact and complete
description.

The study of the linear dynamics of a SPOPO system we performed in Chapter 4 al-
ready evidenced the fact that the eigenvectors of the coupling matrix £ follow independent
evolutions with the rates Ay (see Eq. (4.19)). In fact, if the coupling matrix is written in its
normal form £ = LYDL, where D is the diagonal matrix whose entries are the eigenvalues
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{Ag} of £ and L is the unitary matrix constructed with the eigenvectors {Ly, ,,,} of £, the
multi-modal evolution described by Eq. (4.4) assumes the expression:

% ( : ) =% (f—"f’) ( 2 ) + /2% Sin, (5.20)

where S = COI{So,Sl, ...} and Sy, = col{gin,g,gin,l, ...} are, respectively, the vector of
intracavity signal operators and the vector of input signal operators, I = I ® I is the

~ (0 D
D= (D 0). (5.21)

The modes S reveal, therefore, to be equivalent of the Schmidt modes or of the Bloch-

identity matrix and

Messiah modes discussed before and are defined as:
Se(t) = D Limdm (1), (5.22)
Sin,k’ (t) = Z Lk,méin,m (t) . (523)

It is important to stress the fact that, likewise the Schmidt and Bloch-Messiah reduc-
tion, the modal formulation represented by (5.22) and (5.23) it is possible thanks to the
linearization of the evolution equations due to small-fluctuations.

Since fk . fk/ = Lim L m = O iy, one has trivially:

[Sk (t), S} (t)} = Opw, (5.24)
[Sins (8),85,, ()] = dwd (11, (5.25)

as well as the correlations:
(Sin (), SE 4 () = ped (= 1), (5.26)

which have been obtained from the non-null correlations of the longitudinal mode operators
Sm (t):
(Binm (D)3}, (1)) = B = 1), (5.27)

when the input is in the vacuum state. Hence S’k and S’imk are the annihilation operators
of the combination of signal modes of different frequencies corresponding to the mode fk
The corresponding creation operator applied to the vacuum state creates a photon in the
mode fk which we will call “super-mode” and which globally describes a frequency comb.
Analogously one can define super-mode output operators:

SOUt,k (t) = Z Lk,mgout,m (t) ) (528)

where the output boson operator Soutm (t) is related to the intracavity and input boson
operators through the usual input-output relation of optical cavities [Gardiner1985] valid
for very small transmission:

§out,m (t) + §in,m (t) - 2'75 §m (t) . (529)



94 Chapter 5. Quantum properties of SPOPO below threshold

Starting from the linear quantum evolution of the super-mode operators (5.20), which

reads:
d - N N N
%Sk = —%Sk+ 'YSUAkS]i + V2% Sin (5.30)
d N . R
aST = —’ySSZ 4+ Y0 A Sk + /27 S':[n,k” (5.31)

we derive now a relation between the output super-mode operators S'Olmk and the input

super-mode operators Sin,k. The quadrature hermitian operators S ](f) defined by:
S = g 48, (5.32)
$7 = —i(S-81). (5.33)
evolve according to the following equations:

d s+ +) al+ A+
257 =28 + e S5 (5.34)
where 5‘1(3: 11 and Sﬁft) , have been defined as in (5.32) and (5.33) and A, are given by Eq.
(4.19). These relations enable us to determine the intracavity quadrature operators in the
Fourier domain S,(Ci) (w):

iwSF (W) = AFEH) (b)) + /27, 5F (5.35)

On the other side the usual input-output relation (5.29) on the coupling mirror which can
be written as:

gout,m(w) = _§in,m(w> + 2'Ys§m(w)v (5'36)

being Sout,m (w) the Fourier transform of the output boson operator Soutm (t), extends by
linearity to any super-mode operator as the mirror is assumed to have a transmission
independent of the mode frequency. One, then, obtains the following expression for the
quadrature component in Fourier space of any signal super-mode:

Shew) = of (@) S W), (5.37)
(1 £ rAy/Ag) — i
o (o) = elErA/Ao) Z i (5.38)

Vs (=1 £ rAg/Ag) +iw’
It is easy to compute the following correlations®, corresponding to vacuum inputs,
which follow straightforwardly from Eqs. (5.23) and (5.27):

1

+

<5( Sl(nl > = 5 0md (W twa), (5.39)

<§(_ > = idklé(w—i—wg) (5.40)
in,k 1nl o7 y

) 1

<5( St ( > = i5-0ud (w+wa), (5.41)
~ ) 1

(8w )Sfi?( ) = —in0ud (vt ws). (5.42)

3Provided the Fourier transform have been defined like S(w) = = [dt e wtS(t).
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From these relations one can finally compute the corresponding output correlations:

(S50 @) S5 wn)) = u' (w);{ﬂ( ©) 5116 (w + wa) (5.43)
(S50 @) S5 wn)) = e (w);{_) 9 5106 (w0 4+ w2 (5.44)
<§c():t),k( ) S (@ )> = iv’(“ﬂ (w);j:) (_w)(sklé(wm), (5.45)
(G @) 85 @2)) = s (w);{ﬂ( ) 308 (w0 + w2). (5.46)

The relations retrieved above will result useful in the next section, when the multi-
mode characterization of the quantum fluctuations of the field generated by a SPOPO will
be approached.

5.2 Noise properties of super-modes

The modal decomposition illustrated in the previous section allows, then, a compact way
to completely characterize the quantum state of the multi-mode light generated by a
SPOPO. As for the dynamical properties discussed in Chapter 4, we learned that the
eigenvalues Ay of the coupling matrix £ are intrinsically connected to the dimension of the
reduced Hilbert space in which the characterization of such system is still effective. Such
characterization is carried out by the measure of the variance of the operators (5.28) by
means of the usual balanced homodyne detection scheme. In this case the local oscillator
is a coherent mode-locked multi-mode field Ef, (¢) having the same repetition rate as the

pump laser:
EL(t) = By (t)+E{ (), (5.47)
Ef (t) = ieLZeme_iWS’mt, (5.48)
Ef@t) = [E[®)], (5.49)

where 3" |em|? = 1, and €, is the LO field total amplitude factor. The output signal field
exiting the SPOPO, E&Om(t), is combined with Fp (t) in a 50% — 50% beam splitter, and
the intensity difference between the two output ports is measured. Writing the output
field as:

Es,out(t> - Es_out( ) Es+out< ) (550)

E;out (t> = igout Z §out,m t e_lws’mt; (551)
m

At N t

Es,out (t> = [Es,out (t>:| ) (5'52>

the quantity &yt is an appropriate proportionality constant which needs not to be fixed
here. If sufficiently fast detectors were used, the measurement would give an instantaneous
signal represented by the photocurrent operator:

i) = —— (B0 (O Bduen(®) + B (0 n(0)] (5.59
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When detectors are not so fast, they average over many pulses along their response time

T4 (we are considering inter-pulse separation on the order of few ns) and the photocur-

rent operator must be substituted by ig(t) = L ttjm dt’i('), which can be very well
d Td

approximated by:
o 1
wn(t) =

—— [emhum(®) + emdoun(®)] (5.54)
LCout

where we considered that 74 > 27/ and used the fact that Sout () and §Zut,m(t) vary
little during the time 74 [Knoll1991], what roughly requires that 74 < 7;!. Note that
this case, that reads 27/Q < 74 < 75 1, requires Ty < 1 since v = T3Q/4m, being Ty the
transmission factor of the single cavity mirror at which signal losses are assumed to be

concentrated.

5.2.1 Homodyne detection in conditions of perfect mode-matching

Since the balanced homodyne detection scheme measures the variance of the fluctuations
of the projection of the output field on the local oscillator mode, the mode-matching is
a critical point for an optimal probing of the squeezed field. When the local oscillator is
perfectly matched to one of the super-modes (5.28), the coefficients e, of the LO field
spectral decomposition are equal, apart from a global phase ¢r,, to the coefficients Ly, ,,, of
the k-th supermode and the photocurrent difference is given by:

in(t) = 08T (8) + e Soue () = St (Dcos o1, + 8, (£)sin . (5.55)

The noise variance spectrum V (w), associated to ig(t), defined as:

Viw) = / T gy i <2H (t+7)in (t)> , (5.56)

—00

can be computed as:

+00 ] +00 . +oo ) ~ ~
Vw) = / dre“‘”/ dwle“"l(t”)/ dws ™27 (g (w1) in (w2))

+o0 400 ‘ 3 ) too A
- / den / dwy ef(@1w2)t <ZH (w1)in (W2)> / dr e Hw—wi)T
27 d(w—w1)
+o0 ) _ ~
= 27T/ dwy ell@tw2)t <ZH (w) g (w2)> , (5.57)

provided the Fourier transform of iy (t) is defined as:

i () ! / +Oodteﬁwt%H(t). (5.58)

:% .

Thus, the variances of the two quadratures relative to the super-mode operator Sk(t),
which can be measured by changing the phase ¢y, of the local oscillator (see Eq. (5.55)),
are given by:

(5.59)

2 2 2
_ - - v5 (1 —=rAg/Ao)" +w
[/k( )(UJ) = ”U](C )(W)U’E: )(—u)) = 2( k/ 0)2 X
v2 (14 rAg/Ao)” +w

Vk(+) (w) = v,E:Jr) (w) v,(:r) (—w) = Vk(_) (cu)_1 i (5.60)
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Equations (5.59) and (5.60) show that the device produces a minimum uncertainty
state, that quantum noise reduction below the standard quantum limit (here equal to
1) is achieved for any super-mode characterized by a non-zero Ay and that the smallest
fluctuations are obtained close to threshold (r ~ 1) and at zero Fourier frequency:

Ao — |Ak|>2
Vimin=| —F— . 5.61
o <Ao + |Ag] (5.61)

In particular, if one uses as the local oscillator a copy of the critical mode k = 0 (identical
to the one oscillating just above the threshold » = 1) one then gets perfect squeezing
just below threshold and at zero noise frequency, just like in the c.w. single mode case
4. But modes of k # 0 may be also significantly squeezed, provided that |Az/Ag| is not
much different from 1. In Section 4.3 we found that the eigenvalues Ay of the coupling
matrix £ form a discrete set asymptotically converging to zero. Consequently, among a
huge number of super-modes, only a smaller set, corresponding to the most significant
Ay, will contain almost all the information of the quantum state of the output signal field
which could be approximatively factorized as pexc ® Pvac. For example, in the case of
the critically phase-matched BIBO analyzed in Section 4.3.2, the first 100 super-modes
accounts for about the 92% of the signal quantum state. It is important to remark that,
differently from a c.w. single mode OPQO, the cavity does not naturally selects any special
mode and the system behaves like a multi-mode device squeezing a large number of them.

5.2.2 Homodyne detection with a generic local oscillator

The optimal measuring of the noise variances associated to the super-modes requires the
use of pulse shaping techniques of the local oscillator so that the mode-matching is the best
possible, namely e, = ei¢LLk,m. In general, this can be a difficult task in experimental
implementations. Therefore it is necessary to determine the actual noise measured with
an arbitrary local oscillator. Form Eq. (5.53), the photocurrent difference 411 (t) measured
in a balanced homodyne detection will be proportional to:

i) =3 [emﬂumm(t) + € Soutm| - (5.62)

m

N
The projections of the local oscillator frequency comb onto the super-modes L are defined
as:

Be = Limem, (5.63)

and its inverse:

Em = Z Lk,mﬁkv (564)
k

where the result ) Ly Ly y = Om,n involving the elements of a basis has been used.
Substitution of Eq. (5.64) into (5.62) yields:

in(t) = Y [Re (81) S50, (0 + m (8) S5, (0] (5.65)
k

4Notice that the unphysical results of perfect squeezing on the quadrature Aé'é*) and infinite noise
fluctuations on the quadrature S’éﬂ have been obtained in the context of linear approximation of quantum
Langevin equations. Considering the orders greater than one in the perturbative expansion will prevent
the noise to diverge.
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where the quadrature super-mode operators (5.32) and (5.33) have been used. The auto-
correlation (iy (w)im (w2)) can be computed by using Eq. (5.37) and Eq. (5.65) and
reads:

(i (W) im (w2)) =
:Z{Re (B Re (51) (SG) (@) 850, (w2)) + Re (8 T (81) (85 (@) 88, (2)

+Im () Re (8) (S50 () S5 (w2)) + T (8) T (8) (S50 (@) 881 (w2)) }

— W—HJQ { Ref; ) v ) (w) v;(:r) (—w) + (ImBy,)* Ul(c_) (w) ”i(c_) (~w)

+iRe (8) I () [of” (@) v} (=) = o @) o ()|} (5.66)

where v,ii) (w) are defined by Eq. (5.38) and we used the output correlation functions
(5.43), (5.44), (5.45) and (5.46). It is then straightforward to compute the noise variance
spectrum from Eq. (5.66), the final result reading:

V() =3 {ReB) of” @) of” (~w) + (mB)? of ) (@) v ()

k
+iRef), Imfy [vfﬁ W) vl (~w) — vl (@) vl (—w)} } . (5.67)

Equation (5.67) gives the general expression of the squeezing spectrum corresponding to
a generic LO defined by its supermodal amplitudes (i, Eq. (5.63). When the LO is
proportional to the super-mode labeled by k, say e, = eid’LLkm, and ¢, = 0,7/2, the
two special quadratures (5.32) and (5.33) are selected and the results (5.59) and (5.60) are
recovered.

5.2.3 Squeezing properties in BIBO based SPOPOs

By way of example we consider the case of a 0.1 um thick BIBO crystal inside a 4 m ring
OPO cavity pumped by a c.w. train of 100fs pulses for a degenerate type I critically
phase-matching operation at 0.4 ym pumping.

From Eq. (5.61), close to the threshold (r ~ 1), the minimum noise fluctuations at
zero Fourier frequency depend only on the eigenvalues Ag of the parametric interaction.
Independently from the magnitude of the critical value Ay (which for the specific case is
about 272), the corresponding super-mode will show perfect squeezing, while the other
super-modes will be squeezed according the ratio Ay /Ay.

In Figure 5.2(a) we report the minimum noise fluctuations given by Eq. (5.61) under
the hypothesis of being able to perfectly mode-match the local oscillator to the correspond-
ing super-mode. A significative number of super-modes, namely for 0 < k < 62, shows a
noise reduction better than —3dB. In particular, for the first three super-modes (apart
from the critical one) we obtain Vi yin =~ —48dB, Va min > —40dB and Vi yin ~ —36 dB.
Notice that, since the oscillating character of the eigenspectrum {Ay}, the quadratures of
S which are squeezed (anti-squeezed) are 5’;;) and Sé:ll (Sé:) and S'é;_)H)

However, in experimental implementations, the mode-matching of the local oscillator
to the quadrature to analyze can be a hard task. In fact, the super-modes have a generally
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Figure 5.2: 5.2(a) Noise variance at threshold (r ~ 1) and w = 0, in decibels. Notice that,
since in decibels Vj min = —00, the variances are traced for £ > 1. 5.2(b) Maximum noise
reduction measured by means of a Gauss-Hermite local oscillator in function of spectral
width Azp. The order of the G-H polynomial optimizes the projection of k = 1,2,3 and
4 super-modes on the local oscillator (respectively the cases blue, red, green and yellow).

complicated spectral form that can be theoretically retrieved from the analysis of the linear
problem (4.9). A simpler situation occurs when the conditions for Gaussian approximation
(4.56) and (4.57) are satisfied. In this case, we expect the super-mode to have a spectral
form like (4.63) and the shaping of the local oscillator can result easier than the general
case. While in the next section we will discuss in more detail the methods for shaping
the local oscillator and we will outline a possible algorithm for experimentally retrieving
the true shape of super-modes, here we consider a local oscillator shaped as a Gaussian-

Hermite polynomial:

1

- ea(m/Ny)?
7-[_1/4]\7;1/26 2 Hk (m/NL) y (5.68)

€km

where Ny, is the number of longitudinal modes of the local oscillator comb. In this case, the
variance noise spectrum has to be evaluated using Eq. (5.67) and is given by the sum of all
super-modes noise variance spectra weighted by the mode-matching parameter 3, which
describes how well each super-mode projects onto the local oscillator field. Since we expect
Gaussian solutions for super-modes, for each k£ the local oscillator is almost orthogonal
to every Ly, with & # k. As an example we reported in Figure 5.2(b) the variances
evaluated at zero Fourier frequency in correspondence of the first four Gauss-Hermite
polynomials as functions of the spectral width of the local oscillator in the experimental
conditions as above but considering the system below threshold (r = 0.9). The optimal
Ny, is found in correspondence of the minima of the curves, which represent the best noise
reductions measurable with a local oscillator of the form (5.68). Such value, of course, is
greater than the one obtained in the perfect case (see Section 5.2.1) because of a small
contribution of the super-modes k' # k. In particular, for eg,,, the maximum noise
reduction is obtained for Ny, = 220000 with a variance Véﬁ)o ~ —25dB that coincides with
the noise reduction in the ideal situation V) ~ —25dB. Hence, this result shows that
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the mode-matching between the local oscillator and the super-mode Lg ,, is quite optimal
what is confirmed by the fact that their scalar product is Gy ~ 0.999. For the other
super-modes (i.e. k = 1,2,3) the optimal spectral width is obtained in correspondence
of Ni, ~ 2 x 10°,1.9 x 10°,1.8 x 10°, respectively. Therefore, even with the most trivial
mode-shaping of the local oscillator, consisting of gaussian pulses of adjustable spectral
width, it is possible to measure the squeezing of the output filed of a SPOPO with very
high efficiencies and confirm again the quality of the Gaussian approximation introduced
in the previous chapter.

5.2.4 Experimental shaping of the local oscillator

In general the super-modes characterizing the multi-mode output field of a SPOPO have
not necessarily a Gauss-Hermite form and, however, even the simplest shaping, represented
by Eq. (5.68), may be not an easy task to accomplish only by means of passive interfer-
ometric optics. In the context of ultra-short pulses, the use of Spatial Light Modulators
(SLMs) represents a simple and compact method to shape the temporal mode of an op-
tical pulse [Jiang2007, Huang2008, Supradeepa2008] that, thus, permits to overcome the
difficulties relatives to the shaping of the mode-locked local oscillator we are considering.
The principle of functioning of a SLM based pulse-shaper is illustrated in Figure 5.3. A
given pulsed beam is sent on a first diffracting optical element that spatially separates
the frequencies constituting it. Such frequency components, after, pass through the SLM
which is a device that, electronically driven by a conventional interface (usually a VGA or
DVI input), permits some form of spatially-varying modulation (for both amplitude and
phase) according to the wanted output spectral shape. Finally they are recombined on a
second diffractive optical element.

From an experimental point of view the knowledge of the theoretical form of the
super-modes could be not sufficient and it could be more interesting to have direct access
to their true shape since it does not straightforwardly coincide with the experimental one.
For this reason an adaptive algorithm permitting to retrieve the true form of super-modes
could be envisaged. Since each super-mode can be distinguished each other by their noise
properties, which depend on the ratio |Ar/Ag|, the strategy that one could follow is simple:
starting from an initial guess in the total space, say H, if the local oscillator coincides with
one super-mode the algorithm stops otherwise a feed-back loop will slightly change the
initial guess and will check again until local oscillator matches a super-mode. Each time
a particular super-mode Ek is found, the algorithm restarts with a new guess but in the
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Figure 5.3: Sketch of a SLM based pulse shaper.
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reduced space H — span{L;} = span{L;}*. Then, it is worth to study better the noise
properties of the points Ly, as functions of the pump field spectral amplitudes {ej , }.

For sake of simplicity, let’s consider the case of real pump field. Then, the eigenvectors
of the coupling matrix will be real too and, consequently, also the scalar products G will
be real. Therefore, the sum in eq.(5.67) reduces only to the terms proportional to Re (8x).
In the space of the pump spectral amplitude coefficients {e,, }, a point in the neighborhood
of {E,;} can be represented as:

em= [1=>"€& Lin+ > rmLlim, (5.69)
k' #£k k'#k

with e < 1, V&' € N. Let’s note that the condition Y, |e,|? = 1 is satisfied. According
to definition (5.63), the scalar products [y are expressed as:

ﬁk = 1-— Z Ez,mZ 5k,E =+ Z Gk’,m(sk’,k; (5.70)
k' #k k' #k

and thus the spectrum (5.67) can be written as:

V() = (1 -3 eiym) Vi) + > Vi (W), (5.71)

k#k k#k

where Vj, (w) = v,gi) (w) v,gi) (—w). The first derivative of Eq. (5.71) with respect to a

given €, reads:

ov
Oeq
and is equal to zero if for each ¢ € N: ¢; = 0; therefore, in the space of the parameters

{em} and with the constraint Y, |en|* = 1, the points {Ek} are stationary. Further, the
Hessian matrix is given by:

=26 (Vg (W) = Vi (W), q#Fk, (5.72)

Degdem | 2(Vy(w) = Vi(w), ifg=m#k (5.73)

0%V { 0, if g #m
Since the difference V;; (w) —V} (w) can be greater or smaller than zero according to the sign
of Ax/Ag, in general the Hessian matrix has not a definite sign and therefore the points
{Ek} are saddle points. On the contrary, Lo and Ly are, respectively, a minimum and
a maximum, since they corresponds to the maximum squeezing Vy(w) and anti-squeezing
Vi(w) achievable for a given quadrature.

Hence, the properties expressed by Egs. (5.72) and (5.73) of the noise variance spectra
permit to recognize each super-mode from the level of squeezing measured by means of
an algorithm of minimization (maximization). In particular, starting from an initial guess
for the local oscillator parameters {€eguess,m }, @ homodyne detection scheme measures the
noise level of a specific quadrature of the output signal field at a convenient frequency.
Subsequently, the pulse shaper slightly changes the initial guess to another value {eguess,m+
€m} and compares the output noise level with the previous one. This algorithm can be
programmed in order to find the absolute minimum (maximum) represented by Lo (El) and
when accomplished, to restrict the parameter space excluding the super-mode just found
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V(o)

Figure 5.4: Bidimensional sketch of the structure of the parameters space {e,,} and the
main directions covered by an algorithm which minimizes the noise level of the output
field. This particular structure permits any minimization (maximization) algorithm to
find absolute minima (maxima). Starting, in fact, from a general point in this space
(the initial guess) the minimization occurs along the arrows which lead towards points of
progressively smaller noise variance. For example, starting from a guess about the point
L_},, the algorithm has many possible paths which lead to points of lower noise variance
(i.e. I_:o, I_:g, vy Lo, .. .). Once it is in proximity of one of them, for example Egk, it can
minimize the variance only evolving along the 2(k — 1) possible paths towards the points
EO, EQ, cee E%,Q, .... It will stops only when, finally, it will be arrived in about Eo

and restart the procedure. The particular structure of the parameter space (see Figure
5.4), in fact, assures that, sooner or later, the actual absolute minimum (maximum) will
be discovered since the particular ordination of V. Starting from any point of the space
{am}, the algorithm, programmed for minimize (maximize) the noise level of the output
field, will reach the closest saddle below the starting point which correspond to a general
stationary Ly. After that, the only possibility the algorithm has is to fall down (to rise
up) towards any other saddle point which shows lower noise level and so on till the lowest
possible noise level.

5.2.5 Conclusions

Since, by means of the super-modes basis it is possible to describe the quantum properties
of the output field of a SPOPO in a compact and simple way, in this section we have
studied their quantum properties. We studied the results of a standard balanced homodyne
detection both for perfect and imperfect mode-matching of the local oscillator. Then, we
have found that, among a huge variety, only a small but not null subset of this basis shows
a significant reduction of the noise fluctuations below the standard quantum limit, hence,
proving that a SPOPO is a multi-mode device. Finally, in the last part of this section,
we approached the problem of experimentally implementing a system for controlling the
wanted spectral shape of the local oscillator in order to optimize the mode-matching and
suggested a possible scheme for experimentally retrieving the exact form of super-modes.
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5.3 Two-mode correlations

One of the most appealing features of quantum mechanics is the existence of states formed
by many parties for which the global wave-function cannot be factorized in a product
of mono-partite wave-functions. Since they were originally introduced by Schrodinger
[Schrodinger1935], such entangled states have been subject of animated scientific discus-
sions. The two probably most significant contributions are represented by the works of
Einstein et al. [EPR] and Bell [Bell1964]. Nowadays, the quantum correlations shared
between two (or more) parties of a complex system are universally recognized as an im-
portant resource not only in the understanding of the fundamental principles of quantum
mechanics, but also as resources for quantum information and quantum computation pro-
tocols which has not equals in classical mechanics. In principle, in fact, entanglement
allows quantum teleportation [Bennett1993], quantum dense coding [Bennett1992a] or
quantum key distribution [Bennett1984, Ekert1991, Bennett1992b]. The first experimen-
tal realizations of the EPR paradox and tests of the Bell’s inequalities were performed
on the entangled polarizations of two photons [Fry1976, Aspect1982]. Successively, in or-
der to realize the original EPR paradox in continuous variables regimes, Reid proposed
a schema for entangling the quadratures of the field with an OPO [Reid1989] that was
experimentally implemented by Ou [Ou1992].

5.3.1 Perfect two-mode correlations

In the previous sections of this chapter we have shown the multi-modal character of the field
produced by a synchronously pumped OPOs that, in the context of continuous variables
regimes, could be, then, exploited as sources for entangling frequency combs. In order
to see that, let’s consider the interaction Hamiltonian below threshold and in the linear
approximation:

N 7 A o

Hp = 577,%2 Lm.q (s:'nsg - sm5q> . (5.74)

m7q

Inverting Eq. (5.22) and its hermitian conjugate, the interaction Hamiltonian can be

written in function of the super-mode operators:
gl ot gt
o= 2hmzk:AkSkSk +He,, (5.75)

and is equivalent to the interaction Hamiltonian of independent squeezers. In general, the
squeezing parameter Ay is different for each super-mode and the whole spectrum depends
on the choice of the phase-matching properties of the crystal and on the shape of the pump
width (see Eq. (4.6)). Nevertheless, as we have seen in Chapter 4 and discussed in Section
5.1, the sum rather than being infinite is usually limited to some number of super-modes
as Ay is approximatively zero for most of them. Considering two specific super-modes S’j
and S; (j # 1), let’s define the two operators:

cos + S sind (5.76)

a=3;
b= S;sinf — S) cosh (5.77)
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Hence, the contribution of S'j and S; to the sum (5.75) can be written as:
AjS’JZ + AkS’,% = &2 (Aj cos?0 + Ay, sin29) + b? (Aj sin0 + Ay 00820)
+ 2(A; — Ay) abcosh sind. (5.78)

The condition for having only crossed products is that A; cos?0 + Ay sin%6 = A; sin%6 +
Ay cos?f = 0 and one can verify that this occurs when Ay, = —A;, in which case cos26 =
0 = 6 = 7/4, for instance. Then the two-modes contribution reads:

A;S2+ ALSE = 2A;ab. (5.79)

Therefore, the super-modes a and b are entangled and detection in this special basis
will show two-mode non-classical correlations. In general the condition Ay = —A; is not
met, usually, in the case we already analyzed. In fact, a situation that seems favorable
is that of non-Gaussian regimes we discussed in section 4.3.3, since one of the effects of
the temporal walk-off in long crystals is to flatten a part of the eigenspectrum so that
in a non-null subset of As they have very close values. This not perfect situation will be
discussed in the following section.

We found that a favorable situation occurs when the pump field is detuned with respect
to the phase-matched frequency wy so that the offset parameter j, introduced in Eq. (4.28)
is not null. In this case, the pump field selects from the phase-matching matrix a slice of
width A, around the frequency wp + fip.

Let’s consider the realistic case of a 0.1 um thick BIBO crystal inside a 4 m ring OPO
cavity pumped by a c.w. train of 100fs pulses for a degenerate type I critically phase-
matching operation at 0.4 gm pumping. The resulting coupling matrix consists of two
bell-shaped functions symmetric respect the axis wy,, —w,; = 0, which have been boxed
in Figure 5.5. The most significative eigenvalues satisfy (exactly) the condition Aggiq =

q( 10%

-20 -10 0 10 20
m (' 10°)

Figure 5.5: Coupling matrix when the pump field is mismatched of about 2A, respect to
the frequency wy.
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Figure 5.6: Spectrum of the first four eigenvectors of the coupling matrix in the case
pp = 2.

— Ao, while the fact the others are not exactly equal reflects only the necessity to have
cut the space in which we diagonalized £, as discussed in Section 4.3.2. Therefore, the
couples of super-modes, obtained from the couples of super-modes Soy and g2k-+1 by means
of the transformation (5.76), are entangled. The first four super-modes found by the
diagonalization of L are represented in Figure 5.6. Notice that, since one half of the
2k + 1-th eigenvector has a phase of m with respect to the phase of the 2k-th one and since
the super-modes:

L Sok + Sops1
ap = —————

V2
by — Sor, — 32k+1
o = —n 2kl

V2
result to be entangled. Therefore, by manipulating the pump field, we are able to produce
two well separated spectral bands of the signal field which have non-classical correlations.
This situation corresponds to that of the non degenerate c.w. OPO where twin photons
are generated at the signal and idler frequencies. From this point of view, the operators

aj, and by, create/annihilate a couple of twin distinguishable broadband photons in two
different parts of the signal spectrum.

(5.80)

(5.81)

5.3.2 Imperfect two-mode correlations

Even if the situation discussed in the section above is very easy to obtain in order to pro-
duce two-mode quantum correlations, here we want to discuss a simpler way to “produce”
entanglement. Since the optical field generated by a SPOPO is intrinsically multi-mode,
we want to stress that one is not obliged to measuring noise correlations in a particular
basis of super-modes. The basis of Sy results to be perfect for characterizing squeezing
properties of the output signal field, but another set of super-modes could be more suit-
able for putting in evidence two-mode or multi-mode quantum correlation, exactly as we
did above by defining the super-modes a; and bi. The question we will try to answer
in this section is the following: what will happen if we detect noise correlations between
suitable linear combinations (like in the transformation (5.76)) of super-modes Sy, associ-
ated to eigenvalues Ay which don’t satisfy the condition Ay = —A; for perfect two-mode
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correlations? Notice that this problem is equivalent to study what happens when we mix
at a beam splitter two optical fields that are not equally squeezed, since the eigenvalues
Aj determine the amount of squeezing of each super-mode. However, in the case of a
SPOPO, we don’t need to use two physically separate squeezers and a beam splitter, but
we need only to choose the desired superposition of super-modes on which to perform
our detections. These detections are standard homodyne detections which need, there-
fore, an suitable shaping of the local oscillator. For this reason the implementation of a
pulse shaper is critical for an experimental realization of such measurements. Since the
quantum state of the output signal field results factorized in the representation of the
super-modes (5.22), if we limit our measurements to the subspace spanned by any couple
of super-modes, for example {5‘1, 5’2}, we can neglect, for the sake of simplicity, all the
terms in the interaction Hamiltonian (5.75) that are orthogonal to this space and consider
only the evolution in it:

iy = S {045]5] + 25081} + . (5.82)

As we learned from the diagonalization of L, its eigenvalues (or the squeezing parameter,
from the point of view of Eq. (5.82)) form a decreasing progression which tends to zero
and where Ay is positive if k is even or negative if k is odd. Even if the difference between
A1 and As can be appreciable for typical configurations, for non-Gaussian regimes we
have shown that a significative number of eigenvalues assumes values that are close each
others. In such situations it is therefore reasonable to assume that the difference between

the magnitude of the squeezing parameters |Aj| — |A2| is small. Also, let’s suppose that
A1 > 0> Ag and |A;| > |A2|. By means of a rotation, new operators can be defined as
follows:
S1+ S
P (5.83)
V2
. 5 -5
h="1""2 (5.84)
V2
The two-mode Hamiltonian (5.82), thus, become:
5 ' A+ A i ' -
A= %fm (1;“’) (aTaT + bTbT) + %h/{ (A — As)aTbf + Hec. (5.85)
By defining:
A — Ay =2A
5.86
{ A +Ay=c¢ ( )
the interaction Hamiltonian becomes:
A= %hm {% (aTaﬁ + BTZBT) + 2AaT6T} +He (5.87)

The first term on the right hand side of eq. (5.87) is responsible for generation, in inde-
pendent way, of couples of photons in the mode & and in the mode b. Detection in each
mode will give as result squeezed light. On the other side, detection of photons belonging
to couples which are in different modes will give no correlations. Differently, the second
term on the right hand of eq. (5.87) is responsible for generation of twin photons; there-
fore we expect to find quantum correlations between the modes a and b. On the whole,
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therefore, from a detection in the two modes we expect to find a melange of twin photons
and uncorrelated photons which will decrease the amount of correlations that would be in
the ideal case. In particular, this mixing depends on the relative magnitude of € respect
to A. In fact, solving the Heisenberg equations for the modes a and b gives squeezed joint
quadratures:

p‘lvOUt + pb,out = (Pa + pb)ef(Afe/Q)T

( X ¢ X (5.88)
Xaout — Xpous = (Xo — Xp)e~A=e/2T

where P and X are respectively the phase and amplitude quadratures of modes a and
b, T = rl/(2v) and [/v is the interaction time necessary to the field to go through the
crystal (with [ the crystal length and v the velocity of the optical field in the crystal. The
squeezing on the joint quadratures (5.88) reflects the fact that the field phase and ampli-
tude quadratures are not maximally entangled, situation that occurs when A — oo, for
the simple passage interaction here considered, or at threshold when we consider also the
effects of a cavity on the system evolution. Therefore, also in a not ideal situation, where
the squeezing parameters are not equal, non-classical correlation can still be demonstrated.
In order to put them in evidence, several criteria have been developed (for a short review
see for example [Treps2004]). In the following we will discuss the Reid’s criteria for EPR
correlations [Reid1989] and the Giovannetti’s criteria for separability [Giovannetti2003].

Reid’s formulation for the EPR paradox

For observables maximally correlated it is possible to infer an observable of one subsystem
from the result of measurement performed on a second subsystem spatially separated from
the first, thus demonstrating an EPR paradox. According to Reid’s argument [Reid1989]
instead, for observables not maximally correlated, there will be an error in deducing infor-
mation about the first system by a measure on the second one. However, it can be shown
that it is still possible to obtain an EPR paradox proving the error is small enough com-
pared to the Heisenberg uncertainty principle for two non-commuting observables. The
estimator for proving the EPR paradox is given by the minimized inference errors respec-
tively on the quadrature X, by a measure of the quadrature P, and on the quadrature B,
by a measure of the quadrature Xb. It is possible to show that such inference errors are
given by the product of the conditional variances for the phase and amplitude quadratures:

. Xa,out P.out)
A2XE = (X2, — M 5.89
a < a,out> <Pb20m> ( )
, Py out Xp out)
AZpe — (P2 ) M 5.90
a < a,out> <Xgout> ( )
where the quadrature operators have been defined as:
Xo=a+al, P,=—i(a—al)
A A s . e s (5.91)
Xy = b4 b, Pb:—z<b—bT)

On the other side, in the Schrodinger picture, the evolution of the system is given
applying the propagator generated by H; to the vacuum state:

[(8)) = exp { —iHyt/h} |0) (5.92)
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Since [&TdT — aa+ bibh — l;?), atbt +ab| = 0, by means of the Campbell-Baker-Hausdorff
formula we can disentangle the propagation operator, after an interaction time which
corresponds to 7 = [/v:

[7 = o—tHr7/h _ o5 (atal—aa)T 5 (b0 —bb)T (24 (aTbl—ab)T — UnalUssUas (5.93)

where, again, we defined T = kl/(2v).
Then, the evolution of the operators (5.91), after the parametric interaction in the
crystal, is given applying the propagator (5.93):
Xa,out = UX,U' = [cosh (eT) X, + sinh (eT') Pa] cosh (2AT)
+ [cosh (eT') P, + sinh (eT') X’b} sinh (2AT), (5.94)

Piowt = Up,Ut = [cosh (eT) P, + sinh (eT) X'a} cosh (2AT)

+ [cosh (eT) Xy + sinh (eT) Pb} sinh (2AT) (5.95)
Xb’out = UX Ut = [COSh (eT) P, + sinh (eT) Xa} sinh (2AT)
+ [cosh (eT') Xy + sinh (¢T) Pb} cosh (2AT) (5.96)

Poow = UBUT = [cosh (eT) X, + sinh (¢T) Pa} sinh (2A7)
+ {COSh (eT') P, + sinh (eT) Xb} cosh (2AT) . (5.97)

Hence, minimized inference errors are:

5 h (eT")
A2 e _ €08 '
@ cosh (2AT)’ (5:98)
AZPe _ cosh (eT") (5.99)

@ cosh (2AT)"

According to quantum mechanics two non-commuting operators cannot be simultaneously
measured with a certainty greater than that allowed by the uncertainty principle. In
the Reid’s original argumentation the product AXa,outAPaput is always less than one for
equally squeezed optical beams. On the other hand, if not perfectly correlated photons are
assumed to be detected, the amount of quantum correlations can be degraded. However,

since:
cosh (eT)

cosh (2AT)’

the EPR paradox can be still demonstrated provided € is small enough. In particular, under

AXCAPS = (5.100)

the conditions we assumed at the beginning of this section (JAi| > |A3]), the inequality
€ < 2A is always verified. Then the product of conditional variances (5.100) is always
smaller than zero and EPR correlations are verified. However, the smaller € is the greater
the violation of the Heisenberg inequality is. Since a non-null € degrades the quality of
the EPR state generated, reducing its magnitude is a crucial ingredient for the generation
of such a state. From this point of view, then, it turns out that non-Gaussian regimes are
important resources for their realization.
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Giovannetti’s criterion and verification of entanglement in the parametric am-
plification case

For bipartite quantum systems, Giovannetti’s criterion [Giovannetti2003] can be used as
necessary condition to identify entangled systems. From the couples of evolved operators
after the parametric evolution in Egs. (5.94), (5.95), (5.96) and (5.97), two new operators
acting respectively on each of the two Hilbert subspaces of a and b can be defined:

CA’I = 1 [Xa,outapa,out} ) (5-101>
Gy = —i [Xb,out,pb,out} . (5.102)

Let’s introduce the following observables on the global Hilbert space:

u = al)za,out + blpb,outy (5103)
Vo= a2pa,out + b2Xb,out7 (5104)

where a;, b; are real parameters; if the considered state is a separable one, then the
following inequality is verified:

(A%0) (A%D) > O, (5.105)

with: )
0 = 5 (Jasazl (C1)] + [bibel [(Co)]) - (5.106)
If coherent vacuum inputs are considered, we have (X kout) =0 = (Pkput) (for k,m = a,b),

(F,Fy) = 0 (with F' € {X, P}). Therefore, by using Eqs. (5.94), (5.95), (5.96) and (5.97),
the variances of the operators @ and © turn out to be:
<A211> = (a% + b%) coshe cosh (2A) 4 2a1 by coshe sinh (2A) (5.107)
<A2{)> = (a% + b%) coshe cosh (2A) + 2agbscoshe sinh (2A) . (5.108)

On the other hand, operators C; and Cs can be evaluated, from Egs. (5.94), (5.95), (5.96)
and (5.97), after very tedious algebra:

~ A~

C, = i{cosh2 (2AT) |:Xa,7 pa:| — sinh® (2AT) [va pb}

+ ;sinh(élAT)([Xa,f(b}—[]—:’a,PbD}, (5.109)
Cy = —i {cosh2 (2AT) [Xb, Pb} — sinh? (2AT) [X Pa}
- e aar) ([%a 5] - [P5]) ). (5.110)

In the case defined by Eq. (5.91), [Fa,ﬁé] = 0 (with FF' € {X,P}) and [Xk,]sk} =24
(with k = a,b), therefore Cy = —2, Cy = 2 and the operator O? is:

02 = (a%a% + 2\a1a2b1b2| + b%b%) . (5.111)
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When the special symmetrical conditions a; = 1, ag = 1, by = —1 and by = —1 are
considered °, we obtain:

(A%0) (A%9) = 4dcosh? (eT) e AT, (5.112)
0? = 4. (5.113)

Therefore Giovannetti’s criterion is satisfied for all values of A and e according the following
inequality:
cosh? (eT) e AT < 1. (5.114)

Similarly to the previous case, such inequality is satisfied for any values of € and A.
However, in situations where the squeezing parameters are very different from each others
the quality of separability can be very degraded with respect to the case where e = 0 and
A — +o0.

Entangled super-modes in the SPOPO case

In the case of synchronously pumped OPO, let’s consider the usual case of a 0.1 mm thick
BIBO crystal inside a 4m ring OPO cavity pumped by a c.w. train of 100 fs pulses for a
degenerate type I critically phase-matching operation at 0.4 pm pumping. In this situation,
besides the evolution of quadrature operators described by the interaction Hamiltonian
(5.82), we have to consider the effects of the cavity feed-back thus leading to the usual
quantum Langevin equations for super-modes (5.34) whose solutions are expressed in the
Fourier domain by Egs. (5.37) and (5.38). From these solutions, one can chose any couple
of S’mmk and S’out,m (with £ # m) and mix them by means of the transformation (5.83)
and (5.84), quantum correlations are expected to appear in the modes a and b according
to the values of Ay and A,,,. Giovannetti’s criterion can be used to preview how much such
modes are entangled. For this specific case all the operators will be defined directly in the
Fourier domain and identified with a tilde signs. Supposing coherent vacuum input, the
product of the variances of the @ and © operators is readily obtained:

(A2 (A%F) = 4007 (W) ol (—w) ol (W) o) (—w), (5.115)
where the functions v,gi)(w) have been defined in (5.38). The explicit expression of the
operators C7 and (5 is instead:

C, = —% {v,(:r) (—w) UIE;_) (w) + v,E:Jr) (w) v,(g_) (—w)

+ o) () o) (W) 4+ o) (W) vl (—w) (5.116)
Cy = —% {v,(:r) (—w) vli_) (w) + v,(j) (w) v,g_) (—w)

+ o) () o) (@) + o) @) o) (-w) | (5.117)

In figure 5.7 we report the difference (A2u)(A25) —O? for different couples of super-modes,
namely the couples {S*g, 5’1}, {So, g10}7 {5’0, §25} and {S*O, S50}, under the assumption to
be at threshold (r = 1). For small values of the difference e = Ag— Ay, between the eigenval-
ues associated the quantum state associated to the couple of super-mode can be considered

This choice of parameters guarantees [i, 9] = 0.
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<N’u> <p?v> - O?
]
.

0 2 4 6 8 10

Figure 5.7: Giovannetti’s estimator for separability evaluated for the couples of super-
operators where the difference ¢ between the squeezing parameters increases. {So, gl}
(blue line), {So, S10} (red line), {Sp, Sas} (green line) and {Sp, S50} (yellow line). The
quality of the entanglement between the modes obtained by mixing the super-modes which
have approximatively equal squeezing parameters (Ag ~ 272 and A; ~ 269, blue curve) is
greater than situations where this difference is more significative (Asg ~ 76, yellow curve).

inseparable since the Giovannetti’s estimator assumes negative values in a frequency in-
terval 0 < w < 1.417s (in correspondence of the couple {Sy, S1}). When e increases, the
region of negativity of the Giovannetti’s estimator reduces too. In particular the couple of
super-modes {5’0, §50} cannot be any longer considered entangled. Notice, however, that
the great number of couples which still can be considered entangled witnesses, once again,
the significant “multimodiciy” of a SPOPO.

5.4 Multi-mode entanglement

The entanglement shared between two parties enhances their capabilities to exchange
information and to increase the security in communicating messages by means, for exam-
ple, of quantum teleportation, quantum dense coding or quantum key distribution. Such
communication schemes based on quantum protocols can be generalized to an arbitrary
number of parties that share multipartite entanglement. For example optimal cloning can
be achieved when a sender transfers quantum information to several receivers [Murao1999],
or the parties share an information that can be retrieved only when all the parties coop-
erate (quantum secret sharing [Hillery1999]). The possibility of producing multipartite
entanglement was experimentally demonstrated for the first time with the realization
of GHZ states [Greenberger1990] of single-photon polarization [Bouwmeester1999], but
a simple scheme for producing bipartite entangled states in continuous variable regimes
had already been demonstrated by mixing independent squeezed states on beam splitter
[Furusawal998]. Multi-mode entanglement of continuous variables was first proposed by
van Loock and Braunstein [vanLoock2000] and experimentally demonstrated in two differ-
ent regimes [Aoki2003, Jing2003]. In their theoretical proposition N squeezed modes are
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independently generated by N degenerate OPAs and coupled through a N-port beam split-
ter. Pfister et al. [Pfister2004] proposed a scheme where the simultaneous phase-matching
of several second-order nonlinearities creating two-mode squeezing between N cavity field
modes permits the use of a single OPA and no beam splitters. A similar scheme was re-
cently reproposed by Menicucci et al. [Menicucci2007] showing the possibility of realizing
an ultra-compact experimental setup involving only one OPO and no beam splitters. In
both propositions a crucial point is the engineering of concurrent nonlinear interactions
between (in principle) an arbitrary number of modes. The proposed set up seems to be
rigid because of concurrent nonlinearities have to be designed expressly for a give number
of input modes. Even if this complicated problem is solved using quasi-phase-matched ma-
terials [Pfister2004, Lifshitz2005], an experimental implementation could result of difficult
feasibility when frequency combs of huge number of modes are considered, thus limiting
the number of entangled modes.

In this section we will show that the scheme for the production of multi-mode entangled
state proposed by Pfister without the beam-splitter network can be generalized to the
class of multi-mode systems and in particular to OPOs that show multi-mode quantum
character in spatial [Lopez2005, Navarrete2008] or temporal domain. While in the Pfister’s
proposal the engineering of the nonlinearities is necessary in order to obtain equal squeezing
parameters for different modes, our purpose is to show that, even if, a priori, the squeezing
parameters Ay are not exactly equal, quantum correlations can still exist, as we have
discovered in Section 5.3.2 for the two-mode case. Further, under particular conditions (i.e.
non-Gaussian regimes) one can make approaching the values of the squeezing parameters
of a non-null set of super-modes, thus increasing the quantity and quality of non-classical
correlations. Under this point of view, the advantage of a multi-mode system such a
SPOPO is that one can use just typical nonlinearities (the one used in standard OPOs)
in concomitance with a space or time multi-mode pump field.

On the other hand, a critical point is how measurements are realized. In the continuous
variables regimes quantum fluctuations of the output field are projected onto a strong
coherent local oscillator. Therefore the detection of the good entangled states presupposes
the capability to shape the local oscillator in order to have access to that portion of Hilbert
space where multi-mode entanglement is present. In Pfister’s proposal this could be not
too much critical for two reasons: primarily, the dimension of the total Hilbert space is
exactly the dimension of the entangled state, secondarily, all the parties involved are easily
physically separable by means of filters like polarizing beam splitters.

In the following we will analyze, first, the occurrence of three-mode and N-mode en-
tanglement in the case of not equal squeezing parameters for a simple system such as the
simple passage parametric interaction with a nonlinear crystal. We will find the eigen-
modes of the Heisenberg evolution equations that result to be squeezed. Afterwards, we
will consider the complete evolution equations for a SPOPO and we will show that for
these eigenmodes is still possible to measure strong quantum correlations.

Three-mode entanglement

By restricting our measurement to the sub-space spanned by {5’1, 5’2, S‘g}, where the sub-
scripts 1,2 and 3 indicate a general tern chosen among all the possible super-modes, the
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interaction Hamiltonian can be written as:
g ot at at at ot at ot

As anticipated above, in the introduction to this section, we are starting from an
interaction Hamiltonian where each term is weighted by a squeezing parameter A; which
is different for each mode. Differently, in the case considered in Pfister’s work, the starting
point is an Hamiltonian where the squeezing on each mode occurs with equal strength
(A1 = Ay = A3). This situation can be obtained by a proper engineering of the non-
linearities. Our purpose is, instead, to release this condition and consider the general case
of a standard non-linearities. In fact, for the case of SPOPOs, we have shown that it is
possible to bring closer, simultaneously, a significant number of squeezing parameters by
increasing the temporal walk-off between pump and signal pulses, that can be realized
simply by controlling the crystal length [ or the pump pulse duration 7,. Therefore,
our purpose in this section and in the next, is to obtain a general expression for the mode
operators where three-mode or multi-mode entanglement is present, in a simple case where
the effects of the cavity are temporarily neglected. By means of these expressions, then,
we will discuss the specific case of SPOPOs, keeping in account for the cavity feed-back,
showing that multi-mode entanglement can be still demonstrated for a large number of

modes.

Let’s assume, without loss of generality, that —A; > As > As > 0. The operators a, b
and ¢ on which the measurement have to be performed are given by the following rotation:

é - 2.0 S
A 1 1 \{g f 1 .
| =1a(5) Bao (5) - VR B (5.119)
¢ B Tve) \T

that is formally equivalent to a “tritter” [Braunstein1998b] mixing ports 1 and 2 of an
angle of arccos (1/v/3) and ports 2 and 3 of an angle of 7/4 (see Figure 5.8). After the

S1 B] 2 B2,3

S, S,

Figure 5.8: Equivalent representation of the transformation (5.119). The new super-mode
operators a, b and ¢ are obtained by mixing the operators Sl, Sy and S by means of two
beam splitters By o (equivalent to a rotation of 61 o = arccos(1/v/3)) and Ba 3 (equivalent
to a rotation of fa 3 = arccos(1/v/2)).
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transformation (5.119), the Hamiltonian (5.118) can be rewritten as:

S ) A 2 2 A 1 ~L2 A 2 1 2
H;y=—h - —= T (e |0+ (= —Ze— = o4
I K{( 62) @ <3 6€2> <3 362 2€3> ¢

4.2 ’ 4.2 4.1 .
- <3A — 362) atht — <3A — 362> atel — <3A + 36— 63> bTéT} +He (5.120)

where we defined Ay = —A, Ay = A — e5 and A3 = A — e3. Notice that, in the symmetric
situation where the three squeezing parameter are equally separated, the Hamiltonian
(5.120) converges to Eq. (13) in [Pfister2004] for ¢ — 0. The system of Heisenberg
equations, describing the evolution of the super-modes a, band ¢ in a simple passage
interaction, can be written as:

a A—2e9 _ 2A—eo _ 2A—eo d’i’
d ~ 2/{) A 3+3 2A+3 3 7
—c € € ea—3€
7 2 el e sl Py et b | . (5.121)
& _ 2A—es  2A+ex—3es A e+3es éT
3 3 3 6

As discussed in Section 4.3.3, when some parameters of the system (namely, the pump
pulse width 7;, and the crystal thickness [) are changed in order to progressively approach
a non-Gaussian regime — where the conditions (4.56) and (4.57) are no more verified — the
values of an increasingly large number of eigenvalues approach each other. Therefore, we
are allowed to suppose that e; and e3 become negligible respect to A. In such case the
eigenvalues of M are (—A, A, A) and its eigenvectors, given by:

Xa,out + Xb,out + Xc,out = (Xa + Ab + Xc)eiAT’
Pa,out - pc,out = (I:)a - Pc)eiAT, (5122)
Pb,out - Pc,out = (Pb - Pc>e_AT7

are squeezed joint operators, whose common eigenstate is a three-mode entangled state
that converges towards the GHZ state [ dz|z,z,z) when A — co. Notice that we labeled
with “out” the operators outgoing the crystal after an interaction time /v and we defined
T = kl/(2v). However €3 and €3 cannot be considered, in general, exactly zero even in a
non-Gaussian regime and the operators (5.122) are no more eigenstates of M. In this case
the eigenvalues are (—A, A — e2, A — €3) and the eigenvectors are:

617011‘5 = Xa + Xb + Xc) e_AT7 @4,out = - (pa + pb + PC) (EAT7
02,0ut = 2P, — b, — Pc) e A=) f out = (—QXa + Xy + Xc> eA—e)T  (5123)
@3701113 = pb - PC) 67(A763)T7 @670ut = — (Xb — XC) e(A*€3)T.

Hence, in the basis {01 out, 02,0ut, U3,0ut, U4,0ut, U5,0uts U6,0ut }» the evolved joint operators like
in (5.122) are given by:

Xa,out + Xb,out + Xb,out = (Xa + Xb + XC) e_AT,

- 1
Pa out — Pc,out = 5 <®267(A762)T + @367(A763)T> y (5.124)
Pb out — Pc,out = <Pb — Pc> e_(A_€3)T,
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From (5.124), we can conclude that the amount of quantum three-mode correlations and
the reliability of the three-mode GHZ state corresponding to the system of modes (5.124)
depend on how small the differences between the squeezing parameters, eo and €3, are with
respect to the amount of squeezing determined by A.

Generalization to N-mode entanglement

Let’s now consider the interaction Hamiltonian corresponding to the parametric evolution
in the N-dimensional Hilbert space spanned by the super-operators {SH, cees S N}

Ay = Sh {AS1S] + ..+ AnSL S} + Hee. (5.125)

Like in the previous section, after the definition of new super-mode operators {ai,...,an}
according to the multi-mode transformation proposed by Braunstein [Braunstein1998b,
vanLoock2000], we will express the evolution equations, for a simple passage interaction
inside a non-linear crystal, in function of such operators in order to obtain the eigenmodes
of squeezing (say {01,...,0n5}). Then, we will write the joint-quadrature operators of
the aj operators in function of 05 operators in order to put in evidence multi-mode non-
classical correlation.

The set of operators {aj,...,ayx} giving N-mode quantum entanglement is obtained
applying the following rotation [Braunstein1998b, vanLoock2000] to the operators { Sy }1<p<n
(see Figure 5.9):

BY = Bn_1n <\}§> Byn_an-1 (%) -...- By <\/1N> (5.126)

where matrix By (z) is an N-dimensional identity matrix where the entries Iy, , Ir 1, ik,
I;; have been replaced by the beam-splitter matrix:

V1 — 2
* . (5.127)
V1 — 22 -
In an explicit form, the matrix BN reads:
0 1>7+2
N — i=1,j=1,2,...,N
BN — — o 5.128
ARV == =i+ o
— ! i<y

(N—i+1)(N—i+2)

S, BI,Z B2.3 Ber,N
—> /> sEss —> —>

T T

Figure 5.9: Equivalent representation of the transformation (5.126). The new super-mode

operators ap,ae,...,ayN are obtained by mixing the operators 5’1, 5'2, ... SN by means of
N — 1 beam splitters.
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After a change of basis by means of the transformation (5.126) and by defining A; = —A,
A=A —¢ for k={2,...,N}, the Hamiltonian (5.125) can be recast as:

. N N
Hy = HY) = She |37 3 el Bl dhal — He. (5.129)

k=1p,q=1

where the first term on the right hand side is the "unperturbed” Hamiltonian like in
[Pfister2004]:

HY = Shi | == > af, - NZZ H.c. (5.130)

m=1 p=1g>p

In order to solve the Heisenberg equations in the N-dimensional case, we need to write in
explicit form the corrections to the matrix M = M©) + /12{6\;1 ekéﬁ ; which are propor-

tional to the entries of the matrix EN. =

NN )
ij = Bkinj given below:

0 1<k—-2orj<k-—2
N—k+1 S
,j))=(k—-1,k—1
g, = { Nk (i9) = ) (5.131)
1 . .
N (N—RRy L2 kor g2k
which, more explicitly, appears as:
0 ... 0 0 e 0
0O ... 0 0 .. ce. 0
N—k+1 1 1
51% =0 ... 0 N—kIQ T N—kt2 e T N—k+2 (5.132)
o 1 1 1
T N—k+2 (N—-k+1)(N—k+2) " (N—k+1)(N—k+2)
0 0 —-1 1 1
T N—k+2 (N—k+1)(N—k+2) "~ (N—k+1)(N—k+2)
Hence, the eigenvalues of M are {—A, A — €3,...,A — ex} and the corresponding eigen-
vectors, in terms of quadratures of the super-mode operators {a1,...,ay}, are:
N
=2 Kie
k=1
[ _ 1 -Pl 1— Z-Pk 6 A El)T
k= (5.133)

AT
N1 ( Z Pe

N
On+i(T) = [— (N=1) X1 + ZXk] e=eT

k=l
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for I = 2,...,N. As in the three-mode case, we can retrieve the evolved amplitude and
phase quadrature operators, using the basis (5.133). In fact, by inverting Eq. (5.133) we
obtain:
1 1 i 0
A . R N+j
Xp=—01 — 0 + . - )
FTNTYTN k1 N jZ;(Nj+2)(Nj+1)
. (5.134)
. 1 y
Pp=——0np1+ ————0Ops1 — — —,
FTTONYH TN T R ;(N—]+2)(N—j+l)
fork=1,...,N —1, and for k = N:
1 al i
5 . N+j
X = =V + . . ]
NN JZ;(NJ+2)(NJ+1)
N (5.135)
Py =—yiva -3
=——0 — - - .
YN S (N (N -t
Hence, the joint operators after parametric interaction are:
N
X1 (T)+...+XN(T) :ZXk S_AT,
k=1
. . 1 . o 1 o (5.136)
Pe (1) — Pryr (1) = FOg——) 1’Uk+1e (A—ep1)T _ N kvk+2e (A €k+2)T’
—(A—en)T

Pn_1 (1) — Py (1) = Dye ,

fork=1,...,N —2.

Similarly to the case of three-mode entanglement, this result shows that N-mode non-
classical correlations are degraded in the case we mix N modes with different squeezing
parameters. However, provided that e, — 0 for £ = 2,..., N, such correlations can still be
significative and the N-mode quantum state corresponding to operators (5.136) converges
towards the generalized N-mode GHZ state [dz|z); ® ... ® |z)y in the limit of infinite
squeezing A — +oo.

5.4.1 Multi-mode entanglement in the SPOPO case

In this section we consider the complete model for a SPOPO, in the realistic case of the
BIBO nonlinear crystal, keeping into account not only the interaction Hamiltonian (5.75)
but also the effects resulting from the cavity feedback and losses. The evolution for each
super-mode Sy, (t), described by (5.30) and (5.31), permits to obtain the corresponding
Langevin equation for operators defined as like as in Eqgs. (5.83) and (5.84), (5.119) or by
means of the rotation (5.126) and finally retrieve the noise variance spectrum of the joint
quadrature operators. In the following we will first consider the three-mode case and then
we will generalize to an N-mode entangled state.

Three-mode entanglement

Starting from the evolution equations (5.30) and (5.31) for k = 1,2, 3, let us mix now the
operators 5’1, Sy and S by means of the tritter matrix (5.119) in order to obtain operators
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a1, ag and as and their corresponding Langevin equations. The vectors qgl, ggg and (;33 are
constants of motion, as in (5.123), and in the Fourier space they are given by:

gout,l (w) =V (w) d)in,l (w) s
bout2 (W) = V2 (w) Pina (W), (5.137)

where:

21— 1) 4+ 02

V1 (w)=72( )2 W2
YVA+r) +w
21—-r(1—< 2—|—w2

V2(w)—’y2( ( j‘))Q - (5.138)
y (l—i-r(l—ﬁ)) +w

SR G Ukl L ) M
72(1—|—r(1—%3))2+w2

As before, we defined Ay = —A, Ao = A — €3 and A3 = A —e3. Hence, the joint quadrature
operators (5.124) have the following expressions:

)N(ouml (w) + Xout,2 (w) + Xoutf) (w) =V (w) Q’;in,l (W) ,
P (9) = Poug () = 5 (V2 (@) B () + Vs (&) Fins (), (5.139)

Pout,2 (W) - Pout,3 (w) = V3 (w) &in,?) (W) y

and the corresponding variances are expressed by:

VX1+X2+X3 (w) = Vl (w) Vl (_w) )
Vp,_p, (W) = %(V2 (W) V2 (—w) + V3 (w) V3 (—w) ), (5.140)

Vi, p, (W) = V3 (w) V3 (—w),

which have been obtained renormalizing the eigenvectors ng for ¢ = 1,2,3 and keeping in
mind that the only non null correlations, for vacuum input state, are:

<(gin,i (w) gjnd‘ (w/)> =60 (w—u'). (5.141)

Let’s address to the case of a 0.1 ym thick BIBO crystal inside a 4 m ring OPO cavity
pumped by a c.w. train of 100 fs pulses for a degenerate type I critically phase-matching
operation at 0.4 yum pumping. Then the squeezing parameters for the first three super-
modes are Ay = —272, Ay = 269 and A3 = 266. At threshold (r = 1) and at the
carrying frequency (w = 0) the variances for the joint quadrature operators (5.139) are
VX1+X2+X3 = 0, Vﬁ’l—Pg =5x107° (i.e. about —43dB) and Vinps =9x107° (i.e.
about —40dB). In typical configurations for BIBO based SPOPOs, therefore, we expect
to find excellent quantum three-mode correlations between the quadratures defined in
(5.119) even if there are small differences between the Ay and the use of a experimental
configuration for which the system is in a non-Gaussian regime is not necessary.
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Multi-mode entanglement

Let’s consider, now, the evolution in the subspace {Sl, ey S ~ } which is described by the
equations (5.30) and (5.31) for k = 1,..., N. The eigenvectors {t1,...,¥n} introduced
in (5.133) are constants of motion and, thus, we can write in the Fourier space:

Uout,k (W) = Vi (0) Vink (W), (5.142)
for k=1,...,N, where:

s (1)) 4
2(1—i—7“(1—%’“))Q—i-w?7

Vi (w) = 2 (5.143)
Y

with A; = —A, Ay = A — €, for k ={2,..., N}. The joint quadrature operators (unnor-
malized) have, thus, the following expressions:

out,1 + ...+ Xout,N = Vl (W) gin,l,

> > % w) ~ 1% w) ~
Pout,k - Pout,k;+1 = ]\],k_Jrlk(_i_)l in,k+1 — ]k\;FQ_(k)qbin,k-i-Q, (5144)

Pout,Nfl - Pout,N = VN (w) ¢in,N7

where we omitted the frequency dependence of the operators. The variances correspond-
ing to operators (5.144) are obtained considering a vacuum input state and correlations
between ¢y, operators as in Eq. (5.141) for i,5 € {1,..., N}. They result to be:

VX1+...+XN (w) =M (w)|2,
L[ Ve @ Pera @)

Vo—pn @) = 37 + : 5.145
Pk*PkJrl( ) Nk ((N—/ﬂ—l—lf (N—k:)2 ( )

VPNflpr (w) = |VN (w)|2,
for k =1,...,N — 2. The factor N} is chosen in order to make the shot noise level equal

to one: ) .

Ni = (5.146)

(N—k+1)2+(N—k)2'

The joint operator X1 4 ...+ Xn at threshold and at zero analysis frequency is al-
ways perfectly squeezed. In Figure 5.10(a) we report the variances (5.145) of the joint
quadrature operators for N = 20. The blue line correspond to the BIBO 0.1 mm-crystal
case analyzed before for two-mode and three-mode entanglement. Non classical correla-
tions for joint quadrature operators are included between about —15dB for £k = 19 and
—37.5dB for kK = 1. The red and green lines, instead, represent the same case as before
but with a crystal length of 0.65 mm and 5mm. The degree of non classical correlations
between each party of the output field is greatly increased by increasing the thickness of
the crystal till about a minimum of about —97dB for £ = 1 and maximum of —52dB
for kK = 19 in the case of 5mm thick crystal. In fact, an increase of the crystal thickness
has, on one side, the negative effect to rise upward the threshold of the system, while,
from the multi-mode entanglement point of view, the spectrum of the squeezing parame-
ters flatten and for a non-null subset of super-modes the associated values of A; assume
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Figure 5.10: (a) Variances of joint quadrature operators Vi, — Peis for N =20atr =1 and
w = 0 corresponding to three different thickness of a BIBO crystal. (b) Variances of joint
quadrature operators VIg]rPk+1 for N =50 at r = 1 and w = 0 for a 5 mm-thick BIBO
crystal.

approximatively the same magnitude reflecting the fact that we are increasing the degree
of correlations between the joint quadrature operators. In the case of | = 5mm we can
even realize a bigger multi-mode entangled state, with N = 50. In Figure 5.10(b) we show
the variances for the joint quadrature operators, being the spread of squeezing between

—79dB and —20dB.

The results of this section as well as those of the one about the three-mode entanglement
explains clearly that SPOPOs are systems which reveals marked multi-mode properties
thus proving their great potential for producing multi-mode quantum states of very high
dimensionality. Firstly, we do not need to produce N squeezed beams which are physically
separated and mix them by means of a N-port interferometer, but the system naturally
produces a beam which multi-mode. We need only to understand in which basis it shows
N-mode entanglement and then perform the detection. From this point of view, a multi-
mode device, and in particular a SPOPO, reveals to be a very compact source for the
production of the quantum states needed in quantum communication protocols. Secondly,
we learned that the condition of equal squeezing parameters required in [Pfister2004] can
be slightly released. Consequently the engineering of non-linearities with perfectly equal
coupling constant between the modes of an pump comb becomes less critical. Moreover,
for a device such a SPOPO, we do not even need an engineering of the non-linear crystal,
but use the standard non-linearities of c.w. OPOs, since the simple control of the temporal
walk-off between the pump and signal pulses (by controlling the crystal length or the width
of the pump pulse) permits us to increase (or decrease) the amount of correlations between
the super-modes.

If the compactness of a SPOPO as source of multi-mode entangled states represents an
advantage respect to standard schemes, on the other side the realization of a measurement
of joint-quadrature correlations is a critical point. In fact, all along the section dedicated
to multi-mode entanglement we supposed to restrict the space of interest to the space
spanned by a limited number of super-modes. This situation can be realized only if
the measure performed by a standard homodyne detection projects the global state of the
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field considered over the space in which the multi-mode entanglement has to be evidenced.
We need, therefore, techniques of shaping of the local oscillator as the one discussed in
Section 5.2.4. Another difficulty affects the use of SPOPOs as multi-mode sources for
multi-partite entangled states. Indeed, since the super-modes of the output signal field
are degenerate for the carrying frequency wg, physical separation could result a difficult
task. For what concerns spatial multi-mode OPOs it is still possible the use of filtering
cavities (see for example [DelaubertPhD]), while for time multi-mode optical beams, at
the best of our knowledge, there is still not an experimental evidence of frequency-filtering.
A possible solution to this problem may come from [Schmidt2000, Opatrny2002]. Their
proposal is based on the result that any discrete unitary operator can be constructed
interferometrically [Reck1994]. The idea, basically, is to decompose the original pulse into
quasi-monochromatic components, as illustrated in Figure 5.11, by means of a grating.
Afterwards, each component is frequency shifted by an acusto-optical modulator (AOM)
so that each channel has the same central frequency. These channels, then, interfere
on a 2N port consisting of beam splitters and mirrors. By a proper choice of the 2V
port parameters the output channels of such interferometer will consist of the physically
separated modes dg. In principle, then, the output signal field which has N-mode quantum
correlations among the modes a5 can be decomposed in N entangled parties which can be
finally used for implementing protocols for quantum communication.

/\ Grating
\

Input pulse

Separated
output

Figure 5.11: Scheme to separate individual non-monochromatic modes. The pulse is first
decomposed into quasi-monochromatic channels. The frequency of each channel is then
shifted by means of an AOM to the central frequency of the pulse. The resulting modes
(with the same central frequency) then interfere on a 2N port [Opatrny2002].
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Conclusions

Tarting from the Heisenberg equations for pump, signal and idler intracavity field
operators, we studied the evolution of the average values of the generated fields
for a synchronously pumped optical parametric oscillator (SPOPO) in the below

threshold regime. This problem depends on the solution of an eigenvalue equation from
the spectrum of which we can extract information, for example, about the threshold and
the shape of the super-mode that will oscillate at threshold. Not all the super-modes are
equally important in the evolution of the system. When 10° pump modes generate by
parametric interaction roughly 10° signal and idler modes, it is possible to extract in this
huge, almost continuous, Hilbert space a finite set of simple objects: these are the eigen
“super-modes”, or “frequency combs”, in which are concentrated all the quantum effects
generated by the intracavity parametric interaction. Similar “super-modes” have been
independently introduced by Wasilewski et. al [Wasilewski2006a] in the different context of
transient degenerate down-conversion in a single-pass, single-pulse configuration. In their
case, the “super-modes” are continuous linear superpositions of the annihilation operators
in free space, whereas in our case, because of the resonant cavity, they are a discrete
combination of modes. From the quantum point of view, parametric down conversion
hamiltonian destroys a pump photon and creates two photons in any two of the about
10° temporal modes (in the case of 100 fs pulses) of the signal and idler according to the
energy conservation and in a way that cannot be controlled from outside; in other words,
in the standard representation of annihilation/creation field operators, such interaction
hamiltonian is not diagonal. On the other side, all linear combinations of longitudinal
mode annihilation/creation field operators which diagonalize the interaction hamiltonian,
give rise to new special basis of operators which destroy a pump photon and produce two
correlated photons in a single “super-mode”. The novel aspect of our study is grounded on
the fact that squeezing spectrum of a finite set of super-modes operators can be below the
standard quantum limit, giving a clear image that the system is a highly quantum multi-
mode system. In fact, not only the super-mode of minimum threshold is perfectly squeezed
at threshold but, further, all the other super-modes have nonclassical character and are
significantly squeezed provided that their threshold is sufficiently close to the minimum
one. In effect, both numerical and analytical results show that a large number (in any case,
greater than one) of super-modes whose threshold is close to the minimum one exists, thus
proving the multi-modal character of this device. Hence, synchronously pumped OPOs
reveal to be very interesting devices for studying frequency combs at the quantum level;
their quantum multi-modal behavior could be exploited for generation of nonclassical states
of the light used for implement optical time measurement of great sensitivity [Lamine2008]
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or quantum information protocols. Moreover, the results illustrated at the end of this
work (Section 5.4) prove that SPOPOs can be very promising devices for quantum state
engineering. In fact, the quantum properties of super-modes depends on the spectrum of
Ay which can be adjusted by means of the good choice of the number of modes or the
spectral shape of the pump field as well as the form of the phase-matching. In this context
one has to consider, then, the demonstration that a SPOPO, in principle, can produce
generalized multi-mode GHZ states. One could go further. Keeping in mind that, in the
scheme used in Section 5.4, we started from well defined transformations for obtaining the
joint-quadrature operators which presents multi-mode entanglement, one could reverse
the problem and try to understand which transformation and which parameters Ay are
needed for generating a general quantum multi-mode state as like, for example, cluster
states [Briegel2001]. Since the great manageability of SPOPOs, such a problem appears
to have a promising solution and, even if not presented in this thesis, it is the object of
our current research about the engineering of quantum states.
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Appendix

A Solution of Fredholm integral with a Gaussian kernel

In Section 4.2 we have seen that the diagonalization of the matrix £,, ; can be reduced to
the solution of the integral equation (4.58) with a Gaussian kernel. In this Appendix we
retrieve the eigenvectors and the eigenvalues for this class of problem generally known as
Fredholm integral equations. Let’s consider, then, the integral equation:

400 9 2 2 2
/ dy e—al(:chry) 70'2(3271/) w(y) = A¢($), (A_]')

—00

and verify that the function e~ 7% Hj(v/27z) satisfies Eq. (A-1), being Hy(v27z) the
Hermite polynomial of order k-th and 7 = y/20109. In fact, we have:
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After the making the substitutions:

y=(o1+02)y
T=—(01—o09)x (A-3)
dy = dy (o1 + 02)

We use the well known result [Gradshteyn]:
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in Eq. (A-2), then obtaining:
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Résumé

Ce mémoire présente une étudie théorique des propriétés dynamiques et quantiques d’un
oscillateur paramétrique optique dégénéré de type I que est pompé de maniere synchrone
par un laser verrouillé en phase (SPOPO). Récemment, des SPOPO ont été exploité pour
générer des impulsions optique de tres bref durée et leurs propriétés temporelles ont été
étudiées théoriquement. Ayant un trés grand nombre de degrés de liberté, le champ sor-
tant d’un SPOPO doit étre caractérisé au moyen d’une analyse quantique multimodale.
Par conséquent, nous développons d’abord un modele multi-mode de ce systeme en dé-
duisant des équations quantiques pour les opérateurs de champ intra-cavité. Ensuite,
nous étudions les solutions stationnaires pour les champs générés. Celles-ci sont solution
d’une équation aux valeurs propres dont le spectre donne des informations sur le nombre de
modes “utiles” qui peuvent étre extraits et qui condensent toutes les propriétés dynamiques
et quantiques du champ intra-cavité et que nous appelons “super-modes”. En fait, nous
montrons que non seulement le super-mode de seuil le plus bas a (idéalement) des fluc-
tuations parfaitement comprimées au seuil, mais aussi tout les autres super-modes, dont
les seuils sont suffisamment proches du premiere, ont un caractére non-classique impor-
tant. Cette propriété démontre clairement le fait qu'un SPOPO est un systeme fortement
multi-mode. La derniere partie est consacrée a 1’étude du champ de sortie sous le point
de vue de la génération d’états intriqué multi-modes et a 'optimisation de ces états au
moyen de configurations expérimentales spécifiques.

Mots-clef: oscillateur paramétrique optique, peignes de fréquences, impulsions de
courte durée, variables continues, réduction de bruit, intrication, multi-mode.

Abstract

This Thesis studies, from a theoretical point of view, the dynamical and quantum prop-
erties of a type I degenerate optical parametric oscillator which is synchronously pumped
by a mode-locked laser (SPOPO). In recent past, SPOPOs have been used for generating
ultra-short optical pulses of tunable wavelength and their temporal properties have been
investigated. Having a huge number of degrees of freedom, the output field of a SPOPO
needs to be characterized via a multimodal quantum analysis. Then, we first develop
a multimode model of the device, obtaining the quantum equations for the intra-cavity
field operators. Afterwards, we study the steady state solutions of the average values of
the generated fields that are the solutions of an eigenvalue equation. Its spectrum gives
information about the “useful” number of modes in which are concentrated almost all
the dynamical and quantum properties of the intra-cavity field and which we call “super-
modes”. Indeed, we show that not only the super-mode of minimum threshold is (ideally)
perfectly squeezed at threshold, but that all the other super-modes have an important
non-classical character provided that their thresholds are close enough to the minimum
one. This circumstance gives the clear image that a SPOPO is a highly quantum multi-
mode system. Finally, the last part of this Thesis is focused on the study of the output of
a SPOPO from the point of view of the generation of highly multi-mode entangled states
and their optimization by means of specific experimental configurations.

Keywords: optical parametric oscillator, frequency combs, ultra-short pulses, contin-
uous variables, squeezing, entanglement, multi-mode.
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