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Introduction

In the context of modern science, Quantum Information opens a new chapter, whose ori-
gins can be traced down to a proposal by Richard Feynman in the early eighties of the last
century [Fey82]. According to Feynman a quantum computer, i.e. a device working on the
basis of the algorithms of information theory re-formulated within the Hilbert space sce-
nario, would be a necessary tool to simulate and investigate properly any natural quantum
process. Owing to its insightful predictive character and to its intrinsic multidisciplinary
nature, Quantum Information has attracted scientists from diverse areas of theoretical and
experimental physics, e.g. atomic physics, quantum optics and laser physics, condensed
matter, etc., and from other disciplines such as computer science, mathematical complex-
ity, material sciences and engineering. In the last two decades it has undergone a huge
and rapid growing, both on the theoretical and experimental sides and, in a world moving
fast towards an increasing miniaturization approaching the quantum limits, it is expected
to revolutionize many areas of Science and Technology. Today one of the main goals
of QI is to understand the subtle aspects of quantum mechanics in order to learn how
to formulate, manipulate, process and communicate the information in the most efficient
way using realizable physical systems that operate on quantum principles. This is quite
a hard task which necessarily implies a nearly decoherence-free intersection between the
microscopic world of single quantum particles (photons, atoms etc.) and the macroscopic
preparing or measuring devices that transfer the information to the human world.

QI usually deals with quantum bits, or qubits, i.e. 2-dimensional quantum systems that
generally do not possess the definite values of O or 1 of classical bits, but rather are in
a so-called coherent superposition, |y) = ¢¢|0) + 3|1) of the two orthogonal basis states
{]0),]1)}. Such state reveals unusual properties, especially when dealing with composite
systems. Indeed the most distinctive feature of quantum physics is given by the possibility
of entangling different qubits. First recognized by Erwin Schroedinger as “the character-
istic trait of quantum mechanics”, quantum entanglement represents the key resource for
modern QI processing. It derives from subtle non-local correlations between the parts of
a quantum system and combines three basic structural elements of quantum theory, i.e.
the superposition principle, the quantum non-separability property and the exponential
scaling of the state space with the number of partitions. Quantum entanglement has no
classical analogue. This resource, associated with non-classical correlations among sep-
arated quantum systems, can be used to perform computational and cryptographic tasks
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that are impossible with classical systems. An entangled state shared by two or more sep-
arated parties is a valuable resource for fundamental quantum communication protocols,
such as quantum cryptography and quantum teleportation. While quantum communica-
tion tasks can be suitably realized with "flying” photonic qubits, there are at present a
number of technologies under investigation for their suitability to implement a quantum
computer. No single technology meets currently all of these requirements in a completely
satisfactory way. Indeed, besides photons, qubits can be in principle realized by using
different resources, for instance trapped ions, neutral atoms in interaction with optical
cavities, superconducting circuits, semiconductor quantum dots, impurity in solids and
also by the nuclear magnetic resonance.

Quantum optics represents an excellent experimental test bench for various novel con-
cepts introduced within the framework of QI theory. Indeed, quantum states of photons
can be easily and accurately manipulated using linear and non-linear (NL) optical devices
and can be efficiently measured by efficient single-photon detectors. Pairs of entangled
photonic qubits are usually generated by the spontaneous parametric down conversion
(SPDC) process in a NL crystal where, under suitable conditions a pump photon of fre-
quency @, is annihilated and two photons of frequencies @; and @, are created, such that
01 + 0 = @p.

Nevertheless, as said the main problem of quantum resources resides on the extremely
fragile nature of quantum systems and on the decoherence process that affects the quan-
tum world. A possible approach in order to overcome this limitation is to exploit an
amplification process performed over the photonic qubit establishing a tight connection
between the microscopic and the macroscopic fields. Such an approach is at the heart of
this work, whose starting point is the possibility of generating multiphoton quantum states
through non linear optical methods. The generated fields have been obtained through the
interaction of a non linear crystal with a high power pump beam, by amplification of sin-
gle photon states or by spontaneous emission in a high gain regime. The interest for the
study of multiphoton fields generated by the optical parametric amplifier is double: on
one hand there is the investigation about the nature of quantum mechanics and about the
transition from the microscopic to the macroscopic world, i.e. from the quantum to the
classical world. The study and the realization of the entanglement between macroscopic
quantum fields, generated by high gain spontaneous parametric amplifiers, fits in with this
context. On the other hand there is the practical interest of the quantum information field
for the possibility of generating macro-qubits, resilient to decoherence and to losses, able
to be used in different quantum information and quantum communication protocols.

A further application of these states is related to the possibility of performing measure-
ments able to influence the following overall state system evolution. Concerning this
property, we have developed the idea of exploiting the high resilience to losses of the
macro-qubit states in order to beat the decoherence in quantum metrology applications.
Furthermore, in the quantum metrology context, the employ of this multiphoton states
into interferometric schemes has been studied. More specifically the amplification of
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NOON states has been investigated, theoretically and experimentally, [VSSDO09]; these
states enable to increase the optical resolution in interferometric experiments, beating the
Heisenberg limit, and resulting as a resource in the context of quantum lithography.
Finally the interaction between multiphoton fields with atomic systems such as a Bose
Einstein condensate (BEC) [DSVC10], by realizing the merging between different tech-
nologies, could open a new scenario in the context of quantum information. For example
the creation of the light-matter entanglement would represent a long term perspective for
this application. The simultaneous adoption of different methods and concepts, i.e. the
optical phenomena and the BEC, would led to the development of an hybrid technology
for the quantum information. The hybrid system would consist in the use of the two sub-
systems , the optical and the atomic ones, that can be prepared, manipulated and measured
through different and independent experimental technologies.

The present work is divided into four parts: in the first part the necessary elements of
quantum information and quantum optics are presented: in chapter 1 the quantum state
representation and the more important features of quantum states are addressed, while in
chapter 2 the optical implementation of quantum states is investigated. Particular atten-
tion is devoted to the concept of quantum cloning which is at the heart of the realization
of multiphoton states of light. In part two two fundamental schemes for the macro states
generation are then introduced: the quantum injected optical parametric amplifier (chap-
ter 3), and the high gain optical parametric amplifier working in a spontaneous regime
(chapter4). In both cases the quantum properties and the measurement strategy suitable
for the observation of quantum nature are investigated. In this context the problem of find-
ing a measurement able to catch the quantum structure of macro states arises. Hence in
part three, by making use of optical devices such as an experimentally developed ultrafast
optical shutter (chapter 5), we exploit different manipulation strategy in order to obtain
the maximum amount of information about the multiphoton fields (chapter 6). Finally
different applications of macro-states are investigated in part four: the high flux regime
combined with the sub Rayleigh resolution available with an optical parametric amplifier
working in a spontaneous emission regime turns out to be a promising ingredient to per-
form efficient lithography experiments (chapter 7). In the quantum metrology context the
robustness of macro states obtained by the amplification of single qubits has then been ex-
ploited for improving the sensitivity in interferometrical experiments performed in high
losses conditions (chapter 8. The same robustness allows in principle the non resonant
interaction between the multiphoton state and a BEC system, theoretically investigated in
chapter 9.
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Figure 1: Conceptual scheme of the present work: the possibility of generating macro-
scopic states of light is at the basis of the thesis. The multiphoton states can be generated
through different amplification schemes. In both cases the measurement problem is a key
ingredient for the observation of quantum properties. The macro-states can then be stud-
ied as a paradigmatic example for the quantum to classical transition investigation. On
the other hand the interest in investigating macroscopic states of light concerns the imple-
mentation of quantum information protocols related to quantum metrology and light atom
efficient interactions.

The framework of the present thesis is reported in figure 2.8. The starting point of this
research work is the generation of multiphoton quantum states, through different optical
systems based on the laws of quantum mechanics and realized with the tools of non linear
optics.

In this part the preliminary notions about the basic concepts of quantum information and
quantum optics are then given. The problem of representation of quantum states and
their measurement, which is strictly connected with the possibility of observing quantum
phenomena in an increasing size quantum system, is firstly approached. The concept of
quantum cloning and its implementation through the optical parametric amplifier, which is
at the basis of the experiments addressed in the next chapters, is investigated in connection
with the quantum correlation measurements problem.
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Chapter 1

Elements of Quantum Information

Quantum information is a generalization of classical information, a deep difference among
the two is shown by Bell’s work (1964) [Bel64], in which is demonstrated that quantum
reality cannot be reproduced by a local hidden variables model.

Quantum Information is then a non trivial extension of classical information which presents
some limitation due to the laws of quantum mechanics: for instance two non commutative
observables cannot be measured simultaneously, the acquisition of information about the
system perturbs the system itself. This problem is strictly related with another difference
between quantum and classical information: quantum information cannot be cloned (no-
cloning theorem, demonstrated by Wooters and Zurek in 1982 [WZ82]).

The different resources and the “unusual” properties of quantum mechanics, for instance
the concept of entanglement and the parallelism with which different logical functions
can evolve, make quantum computation a precious instrument when the requirement is
to solve complex problems. Complex or not complex in the information language refer
to the time needed to solve a given problem: there is a distinction between algorithms
which can be solved in a polynomial time or in a exponential time. To an algorithm A it
can be associated a complexity function T (N), where N is the input length calculated in
bits. Ty(N) is then the maximum time required to solve the algorithm A. If, for instance,
algorithm A is the factorization algorithm, the required time for a quantum implementa-
tion (Shor algorithm) is polynomial. This problem is instead unsolvable by a classical
implementation, and the problem is said to have a “NP complexity”.

In this chapter the resources of quantum information will be addressed: starting from the
quantum bit to the concept of entanglement, we will address the problem of representa-
tion and measurement of quantum states. Finally the problem of quantum cloning will be
introduced.

1.1 Quantum states and their representation

The Quantum information carrier, the qubit, is defined into a bidimensional Hilbert space
{]0),]1) }, and then, differently respect to the classical bit, which can assume only O or 1

15



16 Elements of Quantum Information

values, a general quantum state can be defined as:

W) = e|0)+B 1) (1.1)

with o and B complex numbers, such that |c|? +|B|?> = 1. Thanks to the superposition
principle, a qubit can then be codified in an infinite number of states, while the classical
bit lives in a bidimensional space.

A projective measurement of the state |y) upon the basis {|0),|1)} will give as a re-
sult |0) with probability |a|* and |1) with probability |8|*. Classically a probabilistic
bit measurement can give O or 1 values with a probability py and p; respectively, such
that po + p; = 1. The two measurement processes are not equivalent: the first difference
resides into the perturbative character of a measurement in quantum mechanics, whose
action modifies the state. The second difference is given by the continuous parameters o
and 3, which not only define the probability of a given result but define also a vector into
the tridimensional space of spins. We can indeed consider the qubit as a % spin state, the
parameters ¢ and 3 determine then the polar and the azimuthal angles 6 and ¢.

The evolution of a quantum state is reversible and is given by the Schrodinger equation:

ly)
H|y) =ih—— 1.2
) =ih— (1.2)
where |y) can be a single qubit or a complex system composed by several interacting
degrees of freedom, and H is the system hamiltonian. At a fixed time ¢ the state vector of

the system can be written as:

lw(1)) =Uly(0)) (1.3)

where U = exp [—£ [;dt'H] is an unitary operator.

The qubit evolution can then be found by applying unitary operators to the state vector
|w), corresponding to different continuous symmetries acting on the physical system.
For each continuous symmetry R acting on the system there is a corresponding unitary
operator U(R) commuting with the system hamiltonian H. Generally:

U(R) = 9 (1.4)

where Q is the symmetry generator.

A particular symmetry class is the one of rotations: given the angular momentum J =
(J1,J2,J3), a rotation around the axis n of an angle 0, is represented by the following
operator [Sak94]:

R(n, ) =7 (1.5)

The rotation generator is then the angular momentum operator. The rotations group has
an irreducible bidimensional representation:
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1
Jk: 501( (1.6)

(01 o (O =i o (11
=\t10) 2=\i o) 7 \o —1

are the Pauli matrices, which with the unitary matrix form a complete basis for the 2 x 2
matrices. A generic 2 X 2 matrix can then be written as:

where:

: 0 0
U(n,0) = eimo lcosz —in- Gsinz (1.7)

In conclusion the qubit is a 1 /2 spin state and a unitary rotation acting upon it is equivalent
to a rotation of the spin itself.

A measurement on the qubit results in an irreversible change of the system’s state and
it will always give a result equal to 0 or 1, corresponding to the projection of the qubit
into the state |0) or |1). It is impossible to know the state of a qubit through a single
measurement, nor if, before the projection, it was in a pure state or in a superposition
of states. It turns out that the infinite amount of information contained into a qubit is
reduced, at the measurement stage, to the one carried by a classical bit.

1.1.1 Density matrix

Let us consider a large number of non interacting quantum states, in which each element
of the ensemble can be described by the state |y). The overall ensemble is then described
by the density operator:

p=|v)(y| (1.8)

which in the notation of states vector (1.1), can be written as:

(5 - H) o

The density matrix is connected with the information content, and then with the system
entropy S by the relation:

S=—kTr(plnp) (1.10)

where & is the Boltzmann constant. A pure ensemble, in which each member of the ensem-
ble is in the same state, the entropy is zero, this means that there is no lack of knowledge
about the state of the system.

The density operator evolves with the Schodinger equation according to:



18 Elements of Quantum Information

adp  —i
W—;[H,P] (1.11)

from which p(t) = Up(0)U". The unitary evolution of the density operator preserves the
system’s entropy % =0.

The density matrix allows to describe the properties of a complex system, which is not
representable by a single qubit. If we have a two-qubit system, being A and B the two

subsystems; for instance in the state:

(W)ap = [0)4|0)p+B[1)4[1)p (1.12)

a measurement on the state A corresponds to the application of the operator (M ® 1p) to
|w) 4 5- The expectation value of such an observable is:

48 (W] (Ma ®1g) |W) 45 = |0t|* 4 (0| Ma [0), +|B[Z (1| M4 | 1), (1.13)

which can be written as:

(My) =1r(paMa) (1.14)

where ps = |t|2]0), (0] +|B|?|1), (1] reduced density matrix of the qubit A.

Since the expectation value of every observable M acting upon the subsystem can be
written as: (M) =tr(Mp) =Y, pa (Wa| M |y,), the density operator p4 represents the en-
semble of the all possible quantum states in which the subsystem can be with probability
Pa-

Generally for a bipartite system .74 ® 3, if {|i) , } is an orthonormal basis for the system
A and {|u)z} is an orthonormal basis for the system B, an arbitrary pure state .77} @ 3
is written as:

W)ap =Y ainlids @|1)p (1.15)
i1
where }; a;y = 1. The reduced density matrix of the system A, is then obtained by
tracing over B the total density matrix AB, and is:

pa = tre(|y)p (V])
= Y aijai, i), (il (1.16)
6,),M
which has the following properties:

e pj is selfadjoint: pp = paT

o pais positive: for each [W)y 4 (WIP|W) 4 =Ly [Zitiya(W]i)a]” >0



Quantum states and their representation 19

° l‘l’(pA) =1

Generally the density matrix state can be pure or mixed, in the first case pp = |y) 4 (/|
is a projector which acts on the unidimesional space of the vector |y), for which holds
p? = p; in the second case the density matrix is given by the sum: py = ¥, pa |W), (V]
where 0 < p, < 1and ), p, = 1. In the last case p is given by the incoherent superposition
of states and the relative phases between the various |y) , are experimentally inaccessible.

1.1.2 Bloch sphere

Let us consider the case in which the system A is a single qubit, a graphical represen-
tation of the density matrix can then be given by the Bloch sphere. In a 2 x 2 Hilbert
space a generic self-adjoint operator has 4 parameters and can be expressed in the basis
{1,01,03,03}. The density matrix p can be written as:

p(P):%(H??) (1.17)

where det(p) = 1(1— ?2) In order to have det(p) > 0 it is necessary that P? < 1; there
is then a correspondence 1 — 1 between all the possible matrices of the single qubit and the
points of the tridimensional space 0 < |?[ < 1. This sphere is usually called Bloch sphere.

0>

Figure 1.1: Bloch sphere: there is a 1 — 1
correspondence between the points of the
sphere and the single qubit’s density matrix.
The length of vector P defines the purity of
the state, the states on the surface are pure
while the mixed ones are internal vectors.

A\

v|1>

The states with \?l = 1 on the surface correspond to the states whose density matrix
has determinant equal to zero, and, since ¢tr(p) = 1, the density matrix must have eigen-
values 0 and 1. This means that the operators corresponding to the points on the surface
are unidimensional projectors over pure states.
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The state of the single qubit |y(6,¢)) can be seen as a 4 spin vector on the direction
identified by the angles 7 and (6,¢):

e~ 0/2cos(9)

|W(97¢)>:< ei¢/2sin(%) ) (1.18)

the density matix can then be written as:

p(r) = %(H?-?}) (1.19)

where the length of r determines the purity of the state.
The qubit state can be implemented via a two level system, such as the photon’s polariza-
tion [DSO05], the state 1.1 can then be written as:

W) =al|H)+B[V) (1.20)

where |H) and |V) are the horizontal and vertical polarizations and can be represented by

1 0
the column vectors ( 0 ) e( 1 ) .
— —

In this case the three axis of the Bloch sphere represent the linear polarizations (7g, 7y ),
linear at 45° degrees 45° (7r_+>, T ), and circular polarization (7?R, 772)

1.2 Measurement and evolution of quantum states

Let us imagine, we have with equal probability some % spin particles in one of the two
non-orthogonal states |y;) and |y»), such that:

[(w1|y2)| =cosa #0 (1.21)

These non orthogonal states cannot be identified with certainty, by performing a standard
or von Neumann measurement,the best we can do is indeed to project the particle state
in one of the two orthogonal states |@;) or |¢), chosen as near as possible to the original
states (see figure 1.2).

Figure 1.2: The identification of the
two non orthogonal states |y;) and |y»)
through a standard quantum measure-
ment.
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The measurement result will give |@) or |¢,), which will identify |y;) or |ys) respec-
tively [HMG™96]. This process has an error probability:

g =Prob(err) = |(wil@a)]* = |(walgn)* = 5 (1 ~sina) (122

In some cases this strategy can be the non optimal one: instead of having a binary answer
|w1) or |y,) with a given error probability, we can add a third option: the inconclusive
result. After the test the state of the particle will determined as |y;) or |y;), or unknown
. A way to implement this test is to choose in a casual way, adding an auxiliary system,
to project the particle’s state over the orthogonal space to |y) or to |y,). If the state
is projected on the space orthogonal to |y;) and the measurement’s result is positive,
we know with certainty that the initial state couldn’t be |y;) and it was |y2). On the
other hand if we obtain a negative result no deterministic conclusion can be reached: the
particle could be in both the states. In this case the measurement is inconclusive and the
result must be discarded. This kind of test is an example of generalized measurement, or
POVM (Positive-Operator-Valued Measurement).

1.2.1 Orthogonal measurements

Each measurable physical quantity 7 is represented by an hermitian operator A into the
Hilbert space .7Z, and is known as an observable.

The principal property of an observable is that it has a continuous and complete set of
eigenvalues, furthermore two eigenvectors corresponding to different eigenvalues result
to be orthogonal. In a n-dimensional Hilbert space it is possible to write the completeness
condition as:

-

P =1 (1.23)
1

1

where P, is the projection operator on the eigenvector |¢;).

A measurement of the physical quantity .o can only give as a result one of the eigenvalues
of A, and the state |y) is projected on the corresponding eigenvector. This measurement is
known as a standard or orthogonal measurement. The probability of obtaining the result
i is given by the superposition of the corresponding eigenvector:

p(i) = [(¢:|w)|? (1.24)

More in general, if the initial state is described by the density matrix p, the probability of
obtaining the result i becomes:

pli) =Tr(pP). (1.25)



22 Elements of Quantum Information

1.2.2 Generalized measurements

A generalized measurement corresponds to couple the system under investigation to an
auxiliary one, the ancilla, and then perform a standard measurement on the overall system.
A generalized measurement can be mathematically described through a set of positive
non-commutative operators Q;, which satisfy the condition:

iQi:I (1.26)

where m can be greater than the Hilbet space dimensionality of the system under exami-
nation. Since the operators Q; are non orthogonal projection operators, this measurement
is known as non-orthogonal measurement. In the case of the discrimination between the
states |y) and |y»), even in a bidimensional space, we need a measurement which gives
three results: the |y1), the state |y, ), or the inconclusive one. The probability of obtaining
aresultiis:

p(i)=Tr(pQ:). (1.27)

with p density matrix of the initial state.

1.2.3 Geometric representation

The bidimensional space identified by the vectors |y;) and |y») can placed into a tridi-
mensional space, whose third dimension is given by the state |@p), orthogonal to the initial
states (figure 1.3).

|9, >
Uly, > Uly, >
lu,> I Figure 1.3: Identification of twonon-
— 0 orthogonal states |y;) and |y») through
a generalized quantum measurement.
Po—
6,57 B/ @
p
|9,>
ly, > lw, >

We can imagine the unitary evolution U of the system in a three dimensional space as
a three-dimensional rotation around the vector u; = %(M’l) — |¢)) of an angle 6. The

initial state |y;) is then transformed into:
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1 1
Uly) = 7 (sin%—l—cos%cosG) |¢1>+% (—sin%—l—cos%cos@) |¢2)+Cos%sin0|¢0>
(1.28)
while the state |y3) transforms into:

1 |
Uly,) = 7 (—sing+cosgcos 9) |¢1)+% (sing+cosgcos9> |¢2)+cos%sin9\¢0>

2 2 2 2
(1.29)
Defining the roation angle 6 such that cos 6 = tan §, we obtain:
. a
Uly)) = \/581n§]¢1>+\/cosa|¢o) (1.30)
.o
Uly,) = \/581n§]¢2>+\/cosa|¢o) (1.31)

Since now |¢p), |¢1) and |¢,) are orthogonal, it is possible to separate them with an or-
thogonal measurement. The probability of obtaining an inconclusive result is then:

plinconclusive result) = cos o. (1.32)

In such a way the state can be identified with certainty at the cost of discard part of the
data corresponding to the inconclusive results.

1.3 Entanglement

Quantum entanglement consists in a strong correlation between subsystems of the same
physical system. It is a quantum non-local connection that characterizes the quantum
mechanical state of a system containing two or more objects: the objects that make up the
system are linked in a way such that one cannot adequately describe the quantum state of
a constituent of the system without full mention of its counterparts, even if the individual
objects are spatially separated. This interconnection leads to non-classical correlations
between observable physical properties of remote systems, often referred to as nonlocal
correlations. This feature cannot be produced by acting locally upon a single subsystem
of the overall system [HKPS99].

Let us consider a bipartite system .7} ® %3, in which {|i4) } and {|j)p} are orthonormal
basis for systems A and B respectively; a generic state of .74 can be written as:

W)as =Y cijli)alilp (1.33)

L,j

where ¥; ;|c; j|* = 1. If the state |y)4p is a product state, it can be written in a convenient
basis as:
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(W)as = 19)alS)p = (ZC?|i>A> <ZC§3|J’>B> (1.34)
i J

in this case the state is separable. If |y)4p is not separable, then it is entangled.
An entanglement criterion for pure states is the following. For a bipartite state |y)ap €
4 p the Schmidt decomposition can be defined as:

[W)ap = Z\/Eli>A\i/>B (1.35)

A bipartite state is entangled if the number of terms in the Schmidt decomposition, the
Schmidt number n, is greater than 1, otherwise it is separable.

Given a bipartite mixed state .77 = .7} ® .73, the density matrix p represents a separable
state if it can be written as:

p=Y rip @pf (1.36)

A necessary criterion for the separability is the Peres’ one: if p is separable, the partial
transpose must be positive: pf{ > 0 [Per96]. This criterion becomes also sufficient in a
2®?2 or 2® 3 Hilbert space.

A particular example of entangled state is the one given by Werner states, whose density
matrix can be written as:

1. 1
=-I+-|jy (y~ 1.37
p=sT+lv ) (v (1.37)
where |y ™) = w. The density matrix and its partial transpose are then:
1- 1
Tp lgp Op X Tp lgp X _g
0 A5 O =] Y lﬂp 0 (1.38)
0O -5 4/ 0 0 0 —4 0
0 0 0 —% 0 0 i
The eigenvalues of the partial transpose are then: A = {Tp, Tp, ITTP, #}, and the
state is separable if p < % or entangled if p > %
Another example of entangled state is the singlet one:
1
ap=—=(0)a|1)p—|1)4|0 1.39
W™ )as \/§(| )al1)B—[1)4l0)3) (1.39)
the density matrix of the overall system is:
0 0 0 O
[0 2 =50
PAB = 0 _% % 0 (1.40)
0 0 0 O
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where the correlation between A and B is expressed by the out of diagonal terms. If one
looks only at one subsystem, it is found to be in a completely mixed, it turns out that the
reduced density matrices for the subsystems A and B are:

I

Pa=pB=3 (1.41)

which represent the complete mixed states of the two subsystems. As said, it is then
impossible to deduce the nature of the overall entangled state by looking at the state of
the single subsystems alone.

1.4 Bell’s inequalities

Bells theorem shows that there are limits which apply to local hidden-variable models of
quantum systems, and quantum mechanics predicts that they will be exceeded by mea-
surements performed on entangled pairs of particles. The predictions of quantum me-
chanics are consistent with the results of experiments, and turns out to be inconsistent
with local hidden variable models of quantum mechanics. This can be shown by taking
into account an entangled pair, as the one in equation (1.39), and tracing back the ar-
guments of Clauser, Horne, Shimony and Holt against the Einstein Podolsky and Rosen
paradox.

The structure of the state (1.39) implies that a measurement on the subsystem A deter-
mines univocally the state of subsystem B, even if they are non-interacting and spatially
separated. Einstein Podolsky e Rosen (EPR) [EPR35] proposed to restore the reality prin-
ciple by assuming the existance of local hidden variables (LHV) able to determine the
result of the measurement before the measurement itself. Precisely, assuming the princi-
ples of di reality( if, without disturbing the system, we can predict with certainty the value
of a given physical quantity, then there is an element of physical reality corresponding to
it), completeness (each element of physical reality must have a counter-party into the
physics theory) and locality (each action upon the system A cannot change the physical
reality of a system B spatially separeted from A), EPR concluded that quantum mechanics
was not complete. In order to confute the EPR argumentation, Bell demonstrated that
an LHV-based theory couldn’t reproduce the locality features of classical mechanics, by
introducing a mathematical inequality satisfied by the correlations of the two subsystems.
The Bell’s inequality has been demonstrated in different schemes. The one proposed by
Clauser, Horne, Shimony and Holt (CHSH) in 1969 is the following [CHSH69]. Let us
consider the singlet state (1.39), and imagine it is composed by two % spin particles mov-
ing along opposite directions towards different points, A and B respect_i;uﬂ;r, in which a

measurement of the spin along two different direction, 7, a inA,and b,b in B, is per-
formed. The possible results of the measurement in A(@) and B(?) can assume values
+1 or —1. The hypothesis of locality implies that the result of the measurement A de-
pends only on d andnoton b, conversely for B. Both the measurements, in the LHV
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Figure 1.4: Apparatus for the measurement of Bell’s inequality: S is the singlet state’s
source, the two particles are sent through the different apparata A and B which perform a
dichotomic measurement, along two different directions.

model, depend from an ensemble of hidden variables A such that [p(4)dA = 1, with
p(A) density probability and I" hidden variable’s space.

L_e)t us introduce the correlation function E(@, b ) between the observables A(d,A)
eB(b,A):

E(d,b)= <A(7,7L)B(Z>,/l)> — /FA(ﬁ,A)B(ﬁ,A)p(x)dx (1.42)

%
Poiche |A(@,A)| = |B(b,A)| = 1 The following inequalities are satisfied:

E@.B)-E@. 1) < [IB5.2)-B0 Diph)a
E(d. D) +Ed.b)| < /FyB(?,JLHB(?,mp(A)dA (1.43)

by summing the two terms and remembering that the observable B can assume only +1
or —1 values, the following relation is satisfied:

_>
b

|E(7,7)—E(7,?)|+|E(j, )+E(j,?)l <2 (1.44)

This relation provides a different prediction respect to the quantum mechanics’ one: the
singlet state violate the inequality 1.44.
The quantum correlation function is defined as:

E@. D)= (G @)@ b)) (1.45)

ly—)
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where |y™) is the singlet state, 67 = (01, 0} y,01z) and 0, = (02, 02y, 02;) Pauli opera-
tors. Taking d coincident with the Z axis and choosing X such that b is into the X2 plane
and makes an angle 6, with the direction of 7, the correlation function becomes:

— —~ —~ — .
E(d,b)={01,® (02,080, + 0rsinOy)) (1.46)

the calcolus of the correlation function upon the singlet state gives:

E(@,5) = —cos(6a) (1.47)

which can be rewritten into the Bell’s inequality expression:

- - -+ 7
E(@,B)—E(d,b)+E(d,b)+E(d,b) <2 (1.48)
~ ~ - =
with 7,7,7,[7inthe sameplaneﬁzk, Versoroff,jzi, Versoroffc\,ﬁz k\%_’>,?:
- =
k;\g,we find:
- - - 7
E(@,B)—E(d,b)+E(d,b)+E(d,b)|=2v2 (1.49)
AQ

Figure 1.5: Choice of the directions
along which measure the spin of the sin-
/4 /4 glet state in order to observe a violation

Va T of Bell’s inequality in the CHSH formu-

lation.
N p4 .

In summary Bell’s theorem establishes that no deterministic and local theory can repro-
duce the results of quantum mechanics.

1.5 Quantum Cloning

The impossibility of cloning perfectly every quantum state can be traced back to the work
of Wooters and Zurek in 1982 [WZ82]. An immediate demonstration of the no-cloning
theorem can be obtained in the following way: let us imagine to possess a perfect quantum
cloning machine able to reproduce the two quantum states, encoded in the linear single
photon polarization, |[H) and |V'):

|H)|C) = |[HH)|CH),  [V)IC) = [VV)|Cy) (1.50)
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|C) and |C;) (i = H,V) are the cloning machine’s states before and after cloning process
respectively.The circular polarization states |L) = % and |R) = % will then be
transformed into:

1

IDIC) = —=(HH)|Cu) —i|VV)|Cv)) # [LL)|CL)

2

R)IC) — ﬁ(|HH>|CH>+i|VV>|CV>)7é|RR>|CR> (L51)
The previous relations (1.51) show the impossibility of building an universal quantum
cloning machine, due to the linearity of quantum mechanics. Nevertheless, in order to
reproduce a copy characterized by the maximum overlap with a given quantum state, an
optimal cloning can be performed [BcvH96].

-5

1.5.1 Optimal Universal Cloning

Let us consider the qubit |y) = a|0) + B|1), and imagine we are able to operate upon
an auxiliary system (the cloning machine) in order to produce two clones of the same
state with the same fidelity; if this process is independent from the initial state, it is called
universal cloning.

If the cloning machine was initially in the state |C), then:

0)C) = [Zo),  [DIC) —[Z1) (1.52)

with |Zo) and |X;) final states of the system, defined in the Hilbert space .7} @ 73 ® ¢,
where % and ¢3 refer to the space of the two clones A and B.

ly > Figure 1.6: Universal cloning
- — > nachine: the state ly) is re
CLONING B> . v
maciids produced into the states |A) and
IC> |B), the ancilla is represented
[C> by the cloning machine in the
| state |C)
Due to linearity:
W) C) = alZo) + BIZ1) = [X). (1.53)

The fidelity of clones, which measures the superposition between the input state and the
clone, is given by:

Fa(y) = (W|Trpc(X)|y), Fp(Y) = (Y|Trac(Z)|w) (1.54)
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It can be demonstrated that if .74 (y) = Zp(y) are independent of y [BcvH96], then
the quantum mechanics allows the existence of a cloning transformation able to obtain a
fidelity equal to:

9}

FU — ~ ~().833 (1.55)

@)

for which the following relations hold:

0)C) — |20>E\/%\00>AB|O>C+\/2|W+>AB!1>0

2 1
nIc) — X)) = \/;11>AB|1>C+ \/;|W+>AB’0>C (1.56)
where |[yT) = w. By tracing out the degrees of freedom of C, we found that the

states A, B remain in the joint state:

2 1
pag = Tre(Z) = 3/00)(00] + 2|y (w| (1.57)

Tracing out one of the two clones state:

2 1 2 1
pa =Trpc(X) = §|‘I’><‘lf| + 61’ pp=Trac(X) = §W’><W\ + 51 (1.58)

where [ is the identity operator. From the relations (1.58), we note that the two clones
are in the same state , and with probability % are in the state |y), while with probability

A A

v

Figure 1.7: Cloning transformation reduces the state’s purity: the ray of the Bloch sphere
is reduced by the shrinking factor 1.
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% are in a complete mixed state //2. This transformation can be represented graphically
through the Bloch sphere: the density matrix for a qubit can be written as in equation
(1.19): with |7| = 1 for pure states. The depolarizing effect of the cloning process can be
thought as a reduction of vector 7 for a factor 7N, said shrinking factor, and the density
matrix of the output state reads:

/ 1
p(r)=501+n7-0) (1.59)
N and the Fidelity of the cloning process are linked by the relation:
1
Z = % (1.60)

1.5.2 Universal cloning N - M

Gisin and Massar [GM97] in 1997 introduced the concept of N — M cloning machine,
able to transform N identical copy of an arbitrary state |y)®Y into M > N identical clones.
This process can be realized with a fidelity equal to:

ﬁ‘univ — M(N+1)+N — (N+1)+N/M

N=M M(N +-2) N+2
When fixed N the number of clones increases, since the information has to be shared be-
tween a greater number of partners, the Fidelity decreases. In the limit M — oo the cloning

transformation approaches the fidelity of the perfect measurement over N identical qubits
in the state |y)®Y [MP95]:

(1.61)

N+1

= s (1.62)
E\
] N —u
N CLONI ! M>N
9

Figure 1.8: Universal quantum cloning machine N — M
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1.5.3 Phase-covariant cloning

If we restrict our attention to a particular class of states, for instance the one that lay on
the equatorial plane of the Bloch states:

) = 0) +¢|1)
ARG

we obtain a value of the Fidelity greater respect to the universal cloning case.This is
indeed the case of the phase covariant cloning process. The Fidelity results to be inde-
pendent of the phase ¢ of the input qubit, and it has been demonstrated that its optimal
value in the N — M case is [Fen02]:

(1.63)

N
pc . .
TN = M2N Z ( ) <]+1 )\/(N+L—])(L+j+1) (1.64)
in the limit 1 — oo the cloning precess is equivalent to the state estimation, whose Fidelity
is: F0C L =T =2,

1,00
—&— Universal
0.951 —@— Covariant
0,90 -
> . A
£ 0851 A Figure 1.9: Trend of Fidelity as a
S 0wl \ \L.\. function of the number M of clones
Henl ~0-g_ . .
sl N $70-0-0-0-0-0-0-0-0-0-0- in the universal and the phase co-
754 W )
T, variant schemes.
0,70 1 .§.~._.‘l-l—l—l—l—l—l—l—I
I RS o o R
4 8 12 16 20

M Number of clones

In figure 1.9 a comparison between the trends of fidelity as a function of the number of
clones, in the phase covariant and universal schemes, is reported. We see that the fi-
delity value in the phase covariant case results to be higher than the universal one for
each number of reproduced clones. This is due to the deeper knowledge about the state
to be cloned, which spans only the equatorial plane of the Block sphere and not the over-
all sphere itself, which characterize the phase covariant cloning process respect to the
complete uncertainty about the state in a universal scheme.
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Chapter 2

Theory of the Optical Parametric
Amplifier

The optical implementation of a qubit exploits the resources of both linear and non-linear
optics. In this chapter we will show that quantum cloning can be implemented by the
optical process of parametric down conversion.

We will address the concept of spontaneous-parametric-down-conversion (SPDC) in the
context of non-linear optics, and the optical parametric amplifier, in both the collinear and
non collinear configuration, will be characterized. The case of single photon amplification
through a phase covariant amplifier will be then investigated in a more detail.

2.1 Elements of non-linear optics

The presence of radiation into an optical system can produce different changes inside the
material, for instance in the index of refraction due to the electro-optic effect, or produce
a variation in the radiation itself, as it happens in the sum and difference-frequency gen-
eration phenomena [Boy]. The interaction between the radiation and the system produce
“non linear” phenomena, since the response of the material depends quadratically on the
electromagnetic field.
In the linear case, the medium polarization P(z) is a function of the applied electric field
E(1):

P(t) = xVE(r) 2.1)

where (1) is the linear suscettivity.
In non-linear optics the response of the medium is expressed through a generalization of
equation (2.1):

P(t) = xVE@) + 2 PE 1) + 2V E (1) (2.2)

where x(2 and x) are the optical suscettivity at the send and third order respectively.
The response of the medium can be considered instantaneous if the medium is not disper-

33
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sive and without losses, in this case the suscettivity is independent of the applied electric
field’s frequency.

Sum and Difference-Frequency Generation (SFG) and (DFG) are examples of non linear
second order processes, which happen in a non-centrosymmetric and non linear material,
when a two-frequency (@; and @, ) incident field impinges on it:

E(t) = Eexp(—iant) + Eyexp(—imt) +c.c. (2.3)

by considering only the second order term in equation (2.2), we obtain the expression of
the second order polarization:

PI(t) =Y P(w,)exp(—iwyt) (2.4)
n

where the sum over n is extended to negative and positive frequencies, and the ampli-
tudes of different frequency components describe different physical phenomena: Sum-
Frequency-Generation(SFG), Difference-Frequency-Generation (DFG), Second-Harmonic-
Generation (SHG) (which is obtained when a radiation with frequency ; is converted into
the second harmonic frequency 2®; (with i = 1,2) radiation) , and Optical-Rectification
(OR):

Po) = xE}
)2

PQw) = xPE3(t) (SHG)
P(o+w) = 22%E|()Ey (1) (SFG) (2.5)
P(oy— ) = 2x%E\(t)E;(1) (DFG)
2)

P(0) = 2y ?(E\E} +EyE}) (OR)

Generally no more than one frequency component is present in the radiation after the
interaction with the material, since each of the process described in equation (2.5) requires
a different phase matching condition.

The difference between the processes of SFG e DFG is highlighted in figure 2.1:

in the SFG process two input photons at frequency @; and @, are annihilated and a photon
at a greater frequency s is generated.

In DFG case for the energy conservation to generate a photon at frequency @3, a photon
at greater frequency @; must be destroyed and a photon at lower frequency @, has to be
created. The DFG process amplifies the input field at the lowest frequency, for this reason
it is also known as parametric amplifier.

According to the energy levels scheme, the DFG process can be described as follows: first
an atom absorbs a photon at frequency ®; and jumps up to a virtual energy level which
decays emitting two photons; this process is stimulated by the presence of the input field
at frequency ,. Nevertheless the two-photon emission can happen even in absence of
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Figure 2.1: (a) Geometry of the SFG interaction. (b) Description of energy levels for
SFG. (c) Geometry 09f the DFG interaction. (d) Description of energy levels for DFG.

the w, field: in this case we have parametric fluorescence, and the process cannot be ex-
plained classically but through the use of quantum optics.
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2.2 Parametric Fluorescence

The parametric fluorescence phenomenon cannot be explained by classical theory but it
is well described by quantum theory. As said, spontaneous parametric down conversion
(SPDC) or parametric fluorescence is the nonlinear process whereby two photons (called
idler and signal) are created from a parent photon (called the pump photon).
The interaction Hamiltonian between the radiation and the crystal reads:

H=~ /d%?? /d3 Dg B+ 42

U EEE) 2.6)

If the pump field is intense, such as the one of the laser, it can be treated classically,
while the field at frequency @, and @, called signal e idler, are quantized:

k,)—Q, %
E,= 8p/dkpexp(—4log2[wp( ’22 7] )explkpz — @ (kp)t] Q2.7)
P
g . —
=i [ zeon2 Ty ok kL T —wy)])  @8)

where j = s,i, and a ¥ is the creation operator on spatial mode k;. The interaction Hamil-
tonian can then be written as:

4log2 eete) @y L
H=cC / dk / dk; / dkiexp R expl@too) / dox
0
x explltrh kil / dr exp T GG e, (2.9)
A s i

where C is a constant and L is the length of the crystal. The area A of the crossed transverse
section can be considered infinite, since the transverse dimensions of the pump field are
order of magnitude greater than the radiation wavelength. The integral in dr becomes then
a 5(k — ks — k; ) function, responsible for one of the two phase-matching conditions of
the fluorescence process.

Since the second order interaction are considered to be weak, the exponential operator of
the temporal evolution can be approximated with it’s first order expression:

U(t) :exp< ;l/+wdtH( )) NI—£/+wdtH( ) (2.10)

The dt integral in equation (2.9) gives then the second energy conservation condition:
0(wy, — w; — ). The two phase matching conditions express the necessity of conserving
both the energy and the momentum between the three fields:

Wp
— - =
kp
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If w=0w,= %a)p we talk about degenerate emission in frequency.
If the beams involved in the interaction are collinear, the condition of momentum conser-
vation can be written as:

c c c
this condition cannot be realized in linear crystals due to the normal dispersion phe-
nomenon, for which the index of refraction increases monotonically with the radiation
frequency. The use of anomalous dispersion regions makes the phase matching condition
difficult to realize, due to the extreme variability of the index of refraction.

A better solution consists in using birefringent crystals, in which the index of refraction
depends on the polarization of the impinging beam: an incident beam which makes an
angle 6 with the optical axis of the crystal experiences an index of refraction equal to:

I sin?@  cos? 6

ne(6)>  n2 n?
where n, and n, are the index of refraction extraordinary and ordinary seen by the radia-
tion propagating towards the directions of the two optical axes.
For uniaxial crystals n, < n,, it’s then more convenient to choose a pump beam at greater
frequency with extraordinary polarization, in this case signal and idler can have both the
same polarization o (type I phase matching) or orthogonal polarizations (type Il phase
matching). In the first case the fluorescence is emitted over an ensemble of concentric cir-
cumferences, each of which is given by photons with the same wavelength, the correlated
photons (signal and idler) are in the diametrically opposite directions and on different cir-
cumferences if A; # As.
In type II phase matching case the photons are emitted over two non-coaxial cones, whose
vertex is in the generation point of the parametric fluorescence inside the crystal and the
aperture depends on the frequency (as shown in figure 2.2). One of the two cones contains
photons with extraordinary polarization, the other the ones with ordinary polarization. If
the emission is degenerate the two cones have the same aperture. The intersection be-
tween them depends on the inclination of the pump beam respect to the optical axis of the
crystal, and is responsible for the generation of entangled photons.
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Figure 2.2: (a) Intersection between the ordinary and extraordinary cones. (b) Orthogonal
polarizations of the generated beams. (c) Energy levels scheme in the degenerate fluo-
rescence case, (d) Collinear case: entangled photons are generated over the same spatial
mode.

2.3 The Optical Parametric Amplifier

The interaction between a radiation field at frequency w), and a crystal with second or-
der non-linear suscettivity in order to generate field at frequencies w; and @, such that
o + @ = ), can be exploited by the optical parametric amplifier (OPA).

If the radiation fields have the same frequencies 2@ = @, and are generated over the same
spatial mode the optical parametric amplifier is degenerate, if on the contrary the gener-
ated fields are different in frequency or in spatial mode, the amplifier is non degenerate
[WM94].

2.3.1 Degenerate amplifier

In a degenerate parametric amplifier the signal at frequency @ is amplified through the
excitation of a crystal characterized by )((2) # () with a beam at frequency 2®. We consider
the intense beam at frequency 2 classically, while the one at frequency @ within the
quantum theory, through the creation and destruction operator @' and a.

The interaction Hamiltonian reads:

A = hoa'a— ih%(&zez”‘” _ gt 2o 2.12)

where y is proportional to the non linear suscettivity and to the pump beam’s amplitude.
In the interaction picture we can write:

A = —ih%(&z _4t?) (2.13)
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and the Heisenberg motion equations are:

da 1 ~

e _A,H]: at

dt ih[ 1| =xa

da' 1 [ ~

—:—A*H}:A 2.14
dr ih[a’ )= x4 214

These equations have the following solution:

a(t) = a(0) cosh(yt) +a' (0)sinh(xr) (2.15)

The expression of the destruction operator’s solution reminds to the one of squeezing
generator, the light produced by the parametric amplifier will then be squeezed. This can
be verified by introducing the quadratures operator, and looking at their time evolution:

X = Zl\—}-Zl\T
_

x, = £°¢ (2.16)

l

The equation which describe the quadratures’ motion are:

dX; 3

d XX1

dX, -

— = —¥X 2.17
7 xX2 (2.17)

These equations demonstrate that the parametric amplifier is phase sensitive, since a
quadrature is amplified while the other is attenuated:

X (1) = ¥X;(0)
X (1) = e %X,(0) (2.18)

the temporal evolution operator U = et/ coincides with the squeezing operator, fur-
thermore the mean number of generated photons, obtained with the injection of vacuum

state 1s:

(n) = (a'(t)a(t)) = sinh(g)? (2.19)

with g = yt gain of the amplifier. The expression (2.19) correspond to the mean number
of photons in the squeezed vacuum.
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2.3.2 Non degenerate amplifier

In the non degenerate amplifier case, the classical field at frequency 2® interacts with a
non linear medium and generates two fields at frequency w; and @,, such that 0| + @, =
2 over two spatial modes k; and k; called signal and idler.

The Hamiltonian of the system reads:

H = han@lay +hendyar + ixh(alase > — arae*®) (2.20)

where a; and a, are the annihilation operator for signal and idler. The motion equations
in the interacting picture are:

day s

[ pr— a

dt X%

dﬁ; a (2.21)
—= = xa .
g xai

and the solutions are:

a(t) = c?lcosh(xt)—f—azsinh(xt)
ay(t) = aycosh(xr)+aj sinh(xr) (2.22)

the number of generated photons is given by: (72]) = (i73) = sinh(g)?.

2.4 Correlation functions

The classical optics interferometric experiments correspond to a measurement of the first
order correlation function of the radiation field [Lou00]. Given two fields temporally sep-
arated for a time interval 7, a first order correlation function g(!)(7) can be defined as:

() _ (EXE(t+7))
g ()= ” (2.23)
(E*(1)E(1))
this coherence value gives an extimation of the fringe pattern visibility 7"
7=V 0<g'(r) <1 (2.24)

then completely coherent light, such as the laser one, has g(l)(r) = 1, while for chaotic
light g(V)(7) — 0 as 7 increases.

In terms of quantized fields g(!) refers to the estimation of the average number of photons
contained in the radiation:

V(1) & <a>=<a'a> (2.25)
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a first order coherence measurement of the radiation field coincides then with the extima-
tion of the mean number of photons.

The study of second order correlation functions allows to distinguish between quantum
and classical fields, which cannot be discriminated between a measurement of first order
correlation one.

The second order correlation function is defined as:

@) _ (ETOE(t+1)E(+1)E())
O = BN E (+ B+ 1) (2.26)
in terms of quantized fields it reads:
@) _ (@a'aa)  (a@-1))
g7 () = @a? ()2 (2.27)
for number state:
Q) (n=1)/n  sen>2
g7(1) = { 0 se n=>0 (2.28)

it is worth noting that, while for classical light 1 < g(®)(1) < oo, for quantum light 0 <
g? (1) <.

Another interesting physical quantity is the two modes correlation function, which
can be addressed by analyzing the two different modes 1 and 2 at the exit of the amplifier:

AF AN A~

(2)( ) (Cﬁagazdﬁ

812\T) = 5= (2.29)
(aan)(@;az)
generally the mixed correlation function follows the Cauchy-Schwartz inequality:
2 2 2
BHOIERORYO 2.30)

in the quantum case a more strict inequality holds [WM94], which implies a greater cor-
relation between the two spatial modes:

1
g70) <+ T 2.31)
141
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Figure 2.3: Second order correlation function for different light types: for number states
0<g® <1, whichisa range forbidden to classical light, for increasing n number states
behavior approaches to the coherent light one.

2.5 Phase Covariant parametric amplifier

Let us consider the experimental implementation of the collinear optical parametric am-
plifier, in which the output fields are on the same spatial mode k [De 98b].
The interaction Hamiltonian reads:

oy = ihy (@yan) + h.c (2.32)
where atl-T , is the creation operator on mode k with polarization i, being i = H,V. The
collinear Hamiltonian (2.32) has the property of invariance respect to U(1) group, this

allows to write it as a function of an equatorial polarization basis {7, )

~ 67H+€i¢67v
ap = ————
V2
g o= —¢e v (2.33)

nl \/§

as:
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Figure 2.4: Degenerate optical parametric amplifier in collinear configuration: the pump
beam on mode k at frequency 2 interacts with a non linear crystal, cut for type II phase
matching, and generates two fields at frequency w, both on the same spatial mode k.

iXh o
%ouz%e 9 ((@h)? — &40 (@ )?) + h.c. (2.34)

this Hamiltonian can then be written as a sum of two independent amplifiers:

Holl = g+ H 1 (2.35)

belonging to different polarization modes. This property is verified by each state belong-
ing to the equatorial polarization plane of the Bolch sphere.
The operators evolution follows the Heisenberg relation:

Ldag
lhd—t” =[G, 7] (2.36)

the particular case in which the polarization basis is the 45° linear one, spanned by vectors
+ and 7 _ we have:

ay(t) = @, (0)coshyr+ @ (0)sinhyt
a_(t) = a_(0)coshyr+a' (0)sinhyz (2.37)

The temporal evolution operator can be written as:

V2 V2

and by using the disentangling theorem we can write:

i\ 2 ~ N2
~ o~ o~ -~ ai a+
U=U,U_, con Ur=exp|g (—) — <—> (2.38)
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()]

(2.39)

i\ 2
Uy =exp | I = exp [—ln(cosh(g)) <3Tic7i + 1/2)] exp
V2
with I' = tanhg.

2.5.1 Single-photon amplification

When a quantum state is injected into the amplifier, we deal with quantum injected optical
parametric amplifier (QIOPA).

In this work we are interested into the phase covariant cloning case, in which the injected
state is an equatorial qubit:

|¢>m:%(|H>+el‘¢|v>):e"‘l’/z (( )11,0-) +isin( D) 0+, 1- >) (2.40)

the state will evolve according to equation (2.38) as:

|<1>>0m—cos( )| T >0m+zsm( D) our (2.41)

where:

2:( ) (F>.V“?ﬁ!Vaz%FU!K%+4>+Azﬁ—>

1D e = U U_|1+,0—)

coshzg 07 J! i!
(2.42)
I\ V) VRi+D
D o =U U_|0+,1— - - 20)+,(2j+1)—
0w =0015) = o B () (5) LRI o))
(2.43)
If the single photon belongs to an entangled coupled:
_ 1
% >1’2:ﬁ(|+>1’_>2_|_>1‘+>2) (2.44)
where 1 and 2 refer to two different spatial modes, the overall state evolution is:
_ 1 _
Zh2= D)y )i2=—7(2)[-)2— [P )1l+)2) (2.45)

V2

the overall state preserve the singlet form, by keeping the correlation between spatial
modes 1 (single photon state) and 2 (multi-photon state). The two mesoscopic states |®T)
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Figure 2.5: Probability distributions of the multi-photon states |®*) and |®~) show a
macroscopically different trend as a function of photons polarized 74 and 7_.

and |®~) are macroscopically different, due to the different shapes of their probability
distributions as a function of the photons polarized H, and T n. and n_ respectively.
A discrimination between the two states could be achieved by counting the orthogonally
polarized photons contained into each state. Experimental limitations don’t allow this
measurement procedure, but in the following chapter we will see how a probabilistic
identification can be achieved by analyzing the macro-states probability distributions.

Analyzing figure 2.5, we observe that the probability distributions have long tails as a
function of photons polarized as the injected qubit and a planckian distribution as a func-
tion of photons orthogonally polarized. This effect is due to the stimulated emission pro-
cess and this feature holds for any equatorial polarization basis, where the cloning process
is optimal. This unbalancement in the number of photons will be exploited in order to dis-
criminate between orthogonal macrostates. The number of photons in a given polarization
can indeed be estimated by measuring the intensity signal in a fixed polarization, the com-
parison between orthogonally polarized signals above a certain given threshold is able to
identify the macro-state: namely if the number of photons N, exceed the number of pho-
tons N_ over a certain threshold & the state produced by the amplifier is with an higher
probability ®_ , otherwise ®_; when the two signals are not unbalanced nothing can be
said about the nature of the output state.
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2.5.2 Correlation functions

The study of macro-states generated by the optical parametric amplifier can be performed
by the correlation functions of the output fields. In the equatorial qubit injection case
|¢)(2.40), the mean number of generated photons with polarization 7+ and 7_, propor-
tional to the first order correlation function, are:

PN . L, .
G(il)(spinl/Z) = (Ni) = (9|al(t)ax|¢) = sinh® g+ 5(281nh2g+ 1)(1£cos(¢)) (2.46)

Since the mean number of generated photons is 7 = sinh? g, we can write:
1
G\ =745 (2 + 1)(1£cos(9)) (2.47)
The visibility of the interference fringe pattern is defined by:

m_ N+(0)—N_(0)

vV 2.48
N+ (0) - N_(0) (248)
which gives:
2n+1
yih = 2.49
dn+1 249)
for increasing g, g — oo, the visibility tends to the asymptotic value:
yh : 2.50
spinl /2 - ) (2.50)
In the high gain regime, we obtain that the visibility of the macro state correlation function

is reduced to from 1 (single photon case) to 1/2. The related fidelity F = V+21 2 is indeed

F = 3/4 and coincides with the optimal phase covariant cloning faced in section 1.5.3.

2.6 Universal Cloning amplifier

The other class of macrostates that will be investigated in the next chapter is not obtained
through an amplification process but is generated through the process of SPDC in a high
gain regime. The annihilation of a pump photon produces a couple of photons on different
spatial modes and with orthogonal polarizations. The interaction Hamiltonian reads:
A = iy (dl Lk —dy jucfzjr) Y He. 2.51)
where a]jr and cfz;r, are the creation operators corresponding to the generation of a 7-

polarized photon on spatial modes k; and k», as sketched in figure 2.6 and x is the con-
stant describing the strength of the interaction.
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Figure 2.6: Optical parametric amplifier in a non-collinear configuration: the pump beam
on mode k at frequency 2 interacts with a non linear crystal, cut for type II phase match-
ing, and generates two fields at frequency @, on the same spatial modes k; and k.

The output state reads [EKD04]:

1 (oo}
¥ = LUVl (2.52)
n=0
ly, ) = \/%éo(—l)m](n—m)n,mnﬁl]mn,(n—m)nﬁz (2.53)

where I' = tanh g and C = cosh g; g = x¢ is the non-linear gain (NL) of the process. Hence,
the output state can be written as the weighted coherent superposition of singlet spin-5
states |y, ). In this case both the state on mode k; and the one on mode k;, contain an
high number of photons, depending on the non linear gain of the amplifier. The correla-
tion between the two macro-states could be exploited by measuring the exact number of
photons on the orthogonal polarization components. As shown in figure 2.7 are reported
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Figure 2.7: Probability distributions of the orthogonal multiphoton states on mode k; and
ky.
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the two probability distributions as a function of orthogonally polarized photons num-
bers. Due to the correlations between the two spatial modes, an intensity measurement
of the orthogonally polarized signals would find the two components unbalanced over a
certain threshold as shown if figure 2.7: if on mode k; (left) a projective measurement
finds the state into the green circle on the Fock space, the state on mode k3 is with higher
probability on the yellow region of the Fock space. This property can be used in order to
discriminate between orthogonal macro states, but, as we will show in chapter 4, such a
comparison measurement is not suitable in order to perform a non-locality test or to infer
the entanglement of the macro-macroscopic state.



Part 11

Generation of multiphoton quantum
states

49






51

Injected amplifier

Spontaneous
macro-macro

Spontaneou

€ ouanmm
Quantum / Quantum to \

regime |
Information Classical transition
applications
$ Measurement
problem
NOON
Metrology $
Measurement Shutter device for manipulation
BEC induced quantum | » P

- of macro states
AN J/ operation

Figure 2.8: Conceptual scheme of the present work: in this part the colored boxes will be
addressed. Two different schemes for the generation of multiphoton states are presented,
one based on the optimal phase covariant cloning of an injected qubit and the other based
on the spontaneous emission of an optimal parametric amplifier working in high gain
regime.

In this part two different sources for the generation of multiphoton states are presented.
In chapter 3 a micro-macroscopic system obtained by the phase covariant amplification of
an entangled photon pair is studied. The quantum features of the overall state are inves-
tigated by performing a probabilistic measurement over the multiphoton state. A separa-
bility criterion is then violated requiring an auxiliary assumption. A different scheme for
the generation of multiphoton quantum state is studied in chapter 4: there an optical para-
metric amplifier working in a non collinear geometry and in a high gain regime generates
a macro-macroscopic entangled state, the possibility of observing the quantum features
of such a quantum system of increasing size is studied. Different measurement strategies
are investigated and the problem of decoherence is addressed.
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Chapter 3

Experimental entanglement in a
Micro-Macroscopic photon system

In this chapter a macro-state consisting of N ~ 3.5 x 10* photons in a quantum super-
position and entangled with a far apart single-photon state (Micro-state) is generated.
Precisely, an entangled photon pair is created by a nonlinear optical process, then one
photon of the pair is injected into an optical parametric amplifier (OPA) operating for
any input polarization state, i.e. into a phase-covariant cloning machine. Such transfor-
mation establishes a connection between the single photon and the multi particle fields.
We demonstrate the non-separability of the bipartite system by adopting a local filtering
technique within a positive operator valued measurement. We then discuss the auxiliary
assumptions, related to the performed measurement, necessary to assess such a statement.
At the end of the chapter a broader vision over the possible measurements on the micro-
macro system are given and their reliability is discussed [DSVO08].

3.1 From micro to macro

In recent years quantum entanglement has been demonstrated within a two photon system
[KMW *95], within a single photon and atomic ensemble [MCB ™05, dLC"06] and within
atomic ensembles [JKPO1, MMO™*07, CARF*05]. The innovative character of the present
work is enlightened by the diagrams reported in Figure 3.1. While, according to the 1935
proposal the nonlocal correlations were conceived to connect the dynamics of two “micro-
scopic” objects, i.e. two spins within the well known EPR-Bohm scheme here represented
by diagram (a)[KMW *95], in the present work the entanglement is established between a
“Microscopic” and a “Macroscopic”, i.e. multi-particle quantum object, via cloning am-
plification: diagram (b). The amplification is achieved by adopting a high-gain nonlinear
(NL) parametric amplifier acting on a single-photon input carrier of quantum information,
i.e., a qubit state: |@). This process, referred to as “quantum injected optical parametric
amplification” (QI-OPA) [De 98a] turned out to be particularly fruitful in the recent past
to gain insight into several little explored albeit fundamental, modern aspects of quan-

53
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tum information, as quantum cloning machines [PSS*03, DS05], quantum U-NOT gate
[DBSS02], quantum no-signaling [DNSDO07]. Here, by exploiting the amplification pro-
cess, we convert a single photon qubit into a Macro-qubit involving a large number of
photons. The entanglement between the microscopic qubit and the macroscopic one ob-
tained by the amplification process is achieved, under specific assumptions, performing a
local dichotomic measurement on the multiphoton field.

(a)

Ka ALICE
EPR Figure 3.1: (a) Generation of an
souree entangled photon pair by Sponta-
K BOB . )
B neous Parametric Down Conversion
(b) (SPDC) in a nonlinear (NL) crys-
K, ALICE Fal; (b) S(j,hematic diagram show-
EPR ing the single photon Quantum-
source Injected Optical Parametric Ampli-
> fication (QI-OPA).
Kg QIOPA >
BOB

3.2 Generation of the micro-macro state

An entangled pair of two photons in the singlet state

1

}T7>A,B:27§(‘H>A‘V>B_|V>A |H)p) (3.1

was produced through a Spontaneous Parametric Down-Conversion (SPDC) by the NL
crystal 1 (C1) pumped by a pulsed UV pump beam: Figure 7.13. There |H) and |V)
stands, respectively, for a single photon with horizontal and vertical polarization while
the labels A, B refer to particles associated respectively with the spatial modes k4 and
kp. Precisely, A, B represent the two space-like separated Hilbert spaces coupled by the
entanglement. The photon belonging to kp, together with a strong ultra-violet (UV) pump
laser beam, was fed into an optical parametric amplifier consisting of a NL crystal 2 (C2)
pumped by the beam K. A the exit of the amplifier a macro-qubit state is obtained from
the single photon input qubit.

3.2.1 Generation of the single photon entangled state

The interaction hamiltonian of the first non linear crystal C1:
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= i (@, gy — @y agy) + hc. (3.2)
where ﬁj jeoni=ABe j=H,V,are the creation operators on spatial mode i and po-

larization j. The treatment of the OPA in the non-degenerate regime, faced in paragraph
2.3.2, has then to be extended to the case in which the the Fock state at the exit of the
amplifier is described by a tensorial product of four factors, relative to the four degrees of
freedom of the generated photons. In this four dimensional space we can recognize two
independent amplifiers acting on modes (AH,BV') and on modes (AV, BH), respectively.
The evolution of the creation operators is then described by:

( Zlv{gg ) N ( g g ) < %5(8; > (3.3)

where C = cosh g e S =sinhg, and g; = ;¢ is the NL gain of the first non linear crystal.
The generated state in the spontaneous emission regime is represented by the wavefunc-
tion:

W) = —>— Zvn+ tanh(g1)|;, ) (3.5)
cosh”(g1)
where:
v,)) (n—m)H,mV)s|mH,(n—m)V)p (3.6)
A \/— Z ) )almH,( )
The first order term of the wavefunction (3.5) is indeed the singlet state:
1
B =—(|H)a|V)B—1|V)alH 3.7
W )as \/§(| )alV)e—|V)alH)B) (3.7

As said, the single photon on mode kg was injected into the second crystal C2 in figure
7.13 and amplified, while the single photon on mode k4 was analyzed in polarization

through a Babinet-Soleil phase-shifter (PS), i.e. a variable birefringent optical retarder,
two waveplates {%, %} and polarizing beam splitter (PBS). It was finally detected by two

single-photon detectors D4 and D} (ALICE box), realizing the trigger for the performed
experiment.

3.2.2 Amplification of the entangled state

The crystal 2, cut for collinear operation, emitted over the two modes of linear polariza-
tion, respectively horizontal and vertical associated with kp. The interaction Hamiltonian
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of the parametric amplification is:

= ixhaya, + h.c. (3.8)
and acts on the single spatial mode kp where c?j't is the one photon creation operator as-
sociated with the polarization 7C. The main feature of this Hamiltonian is its property of
“phase-covariance” for “equatorial” qubits |@), i.e. representmg equatorial states of po-
larization, 7(;, 2-1/2 (7}1 +¢? 7\/) ?(p L= ¢’ in a Poincaré sphere representation
having 71.1 and 7\/ as the opposite "poles” [NDSDO7]. The equatorial qubits are ex-
pressed in terms of a single phase ¢ € (0,27) in the basis {|H),|V)}. The overall output
state amplified by the OPA apparatus is expressed, in any polarization equatorial basis
{?(p , 7¢ 1}, by the Micro-Macro entangled state:

B2 (o), o), e e

where the mutually orthogonal multi-particle “Macro-states” are:

V+201(2))
@) = Z V(L2012 ))! ’21+1 (2j)¢L>B

= ,v]v
V (14+20)1(2))
oL _ (2))! >
‘db >B = ,;:o%] i ’ ;(2i4+1)0 5 (3.10)

with ;= C2(— )’” C = coshg, I = tanhg, being g the NL gain[DBSS02]. There
} po; q¢L> stands for a Fock state with p photons with polarization 7¢ and g pho-
tons with 7 oL over the mode kg. Most important, any injected single-particle qubit
(a|g)g+PB |¢l> p) is transformed by the information preserving QI-OPA operation into
a corresponding Macro-qubit (« ‘CI>¢> s+ B }CD¢L> p)- The quantum states of Eq.(2-3)
deserve some comments. The multi-particle states ]CID‘Z’ > B > p are orthonormal and
exhibit observables bearing macroscopically distinct average values. Precisely, for the
polarization mode 74, the average number of photons is 77 = sinh? g for ‘CI>¢L> g and

(3m+ 1) for ‘q>¢> g- For the m—mode 7(;, | these values are interchanged among the
two Macro-states. On the other hand, as shown by [De 98a], by changing the representa-
tion basis from {7(1, , 7@} to {71{, 7‘/}, the same Macro-states, |®?) , or |®?+)  are
found to be quantum superpositions of two orthogonal states ]CIDH > B which differ
by a single quantum. This unexpected and quite peculiar combination, i.e. a large dif-
ference of a measured observable when the states are expressed in one basis and a small
Hilbert-Schmidt distance of the same states when expressed in another basis turned out
to be a useful property since it rendered the coherence patterns of our system very robust
toward coupling with environment, e.g. losses. This was verified experimentally. The
decoherence the system was investigated theoretically in [DSS09a].
The multiphoton QI-OPA amplified field associated with the mode kp was sent, through

a single-mode optical fiber (SM), to a measurement apparatus consisting of a set of wave-

plates {%, %} a (PBS) and two photomultipliers (PM) Pp and P; (BOB box). The output
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Figure 3.2: Optical configuration of the QI-OPA apparatus. The excitation source was a
Ti:Sa Coherent MIRA mode-locked laser amplified by a Ti:Sa regenerative REGA device
operating with repetition rate 250kHz. The output beam, frequency-doubled by second-
harmonic generation, provided the OPA excitation field beam at the UV wavelength (wl)
Ap =397 .5nm with power: 750-800mW . A type I BBO crystal (crystal 1: C1) generates
pair of photons with wavelength A = 24, = 795nm. CI1 generates an average photon
number per mode equal to about 0.35, while the overall detection efficiency of the trigger
mode was estimated to be ~ 10%. The NL BBO crystal 2: C2, realizing the optical
parametric amplification (OPA), is cut for collinear type II phase matching. Both crystals
C1 and C2 are 1.5 mm thick. The fields are coupled to single mode (SM) fibers.

signals of the PM’s were analyzed by an “orthogonality filter” (OF) that will be described
in the following sections.

3.3 Demonstration of entanglement

We now investigate the bipartite entanglement between the modes k4 and k. We define
the ——spm Pauli operators for a single photon polarization state {5;} where the label i

= (1,2,3) refer to the polarization bases: i = | <= {7[1,7‘/} =2 < {?R,?L}
=3 {?%?7}. Here g =2~ 1/2(?11 — z?v),ﬁL = 71% are the right and left
handed circular polarizations and 77 = 2~/ 2(7 =t 7\/) It is found:

6 = |vi) (wil = [wi ) (wi* @3.11)
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where {W/,} , }l//f>} are the two orthogonal qubits corresponding to the 7,- basis, e.g.,
{lv1),|wi)} = {|H),|V)}, etc. By the QI-OPA unitary process the single-photon 6;
operators evolve into the “Macro-spin” operators:

A

£i= 060" = [@¥) (o¥| - [o¥it ) (o¥| (3.12)

Since the operators {f‘,l} are built from the unitary evolution of eigenstates of G; , they sat-
isfy the same commutation rules of the single particle %—spin: [ﬁi,i j] =g ijiik where
& jk is the Levi-Civita tensor density. The generic state (o ‘CIDH > zthB |<I>V> p) is a Macro-
qubit in the Hilbert space B spanned by {’CIDH > B |CI>V> B}, as said. To test whether the
overall output state is entangled, one should measure the correlation between the single
photon spin operator 6{‘ on the mode k4 and the Macro-spin operator i? on the mode k.
We then adopt the criteria for two qubit bipartite systems based on the spin-correlation.

We define the “visibility” V; = ‘ <E? ® 8{4> ‘ a parameter which quantifies the correlation

between the systems A and B. Precisely V; = |P(y;, ®¥') + P(y;-, @Y'L) — P(y;, ®V) — P(yi-, V)|
where P(y;, @) is the probability to detect the systems A and B in the states |y;), and
}<1>"”> p» respectively. The value V; = 1 corresponds to perfect anti-correlation, while
Vi = 0 expresses the absence of any correlation. The following upper bound criterion

for a separable state holds [EKD"04]:
S=WV1+W+V3) <1 (3.13)

In order to measure the expectation value of }/:\,? a discrimination among the pair of states
{|®Y7),,|®¥),} for the three different polarization bases 1,2,3 is required. Consider
the Macro-states |®), |®~ ), expressed by Equations 3.10, for ¢ =0 and ¢ = 7. In
principle, a perfect discrimination can be achieved by identifying whether the number of
photons over the kp mode with polarization 7+ is even or odd, i.e. by measuring an
appropriate “parity operator”. This requires the detection of the macroscopic field by a
perfect photon-number resolving detectors operating with an overall quantum efficiency
N ~ 1, a device out of reach of the present technology.

It is nevertheless possible to exploit, by a somewhat sophisticated electronic device
dubbed “Orthogonality Filter” (OF), the macroscopic difference existing between the
functional characteristics of the probability distributions of the photon numbers associ-
ated with the quantum states {|®*)}.

3.3.1 Orthogonality filter and probabilistic measurement

The measurement scheme works as follows: Figures 3.2 and 3.3. The multiphoton field is
detected by two PM’s (Pg, Pj;) which provide the electronic signals (I,/_) correspond-
ing to the field intensity on the mode kg associated with the 7—components (74_, 7_)
respectively. By (OF) the difference signals (7, — I_) are compared with a threshold
&k > 0. When the condition (I —1_) > &k is satisfied, the detection of the state |®7),
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Figure 3.3: Theoretical probability
distributions P*(m,n) of the num-
ber of photons associated with the
Macro-states |®*) (g = 1.6). Prob-
abilistic identification of the wave-
functions |®*) by OF-filtering the
P*(m,n) distributions over the pho-
ton number two-dimensional space
{m,n}. The white section in the
cartesian plane (m,n) corresponds
‘(I>+> ‘/l‘ to the “inconclusive events” of our
POVM OF-filtering technique.

is inferred and a standard transistor-transistor-logic (TTL) electronic square-pulse Lp is
realized at one of the two output ports of (OF). This corresponds to the measurement of
the eigenvalue +1 of the operator fg . Likewise, when the condition (I_ —I;) > &k is
satisfied, the detection of the state |®™) g 1s inferred, a TTL pulse is realized at other out-
put port of (OF) and the eigenvalue of f‘g is —1. The PM output signals are discarded for
—&k < (I — 1) < &k, i.e. in condition of low state discrimination. By increasing the
value of the threshold k an increasingly better discrimination is obtained together with a
decrease of detection efficiency. This “local distillation” procedure is conceptually justi-
fied by the following theorem: since entanglement cannot be created or enhanced by any
“local” manipulation of the quantum state, the non-separability condition demonstrated
for a “distilled” quantum system, e.g., after application of the OF-filtering procedure, fully
applies to the same system in absence of distillation [EKD"04]. This statement can be ap-
plied to the measurement of /5 and I, | for any pair of quantum states {|®?) ,, |P+) 1.
This method is but an application of a Positive Operator Value Measurement procedure
(POVM) [Per95] by which a large discrimination between the two states {|®*)} is at-
tained at the cost of a reduced probability of a successful detection.

The measurement scheme just described has been physically implemented by the OF
shown in Figure 3.4, an electronic device by which the pulse heights of the couple of
input signals (1) provided by two PM’s (Pg, Pj;) are summed with opposite signs by a
balanced linear amplifier (LA) with ”gain” G (chip National LM733). Each of the two sig-
nals +[G(I; —I_)] = £[G& (m — n)] realized at the two symmetric outputs of (LA) feeds
an independent electronic discriminator (AD9696) set at a common threshold level GEk
. Owing to previous considerations the two discriminators never fire simultaneously and
each of them provides, when activated, a standard transistor-transistor-logic (TTL) square
signal at its output port. As said, when the condition (I; — 1) > £k, i.e. (m—n) >k
is satisfied, a TTL signal Lp is generated and then the realization of the state |P™), is
inferred. Likewise, when (I —I) > &k a TTL signal Lj; is generated and the realization
of the state |® ) is inferred. The events that are discarded for: —§k < (I4 —1-) < &k
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Figure 3.4: Electronic Orthogonality filter OF. The electronic signals (I;,/_) emitted
simultaneously by two photomultipliers P and Py feed a linear difference amplifier (Na-
tional LM733). Each of the two output ports of the amplifier is con- nected to an elec-
tronic discriminator set at a threshold level £k > 0 equal for the two discriminators. Each
discriminator emits a TTL electronic square signal if the threshold is overcome by the
difference signals. Precisely, a TTL signal is realized at the port Lg when: (I, —1_) > £k
or at the port Ly when (I —I) > k. The two discriminators never fire si- multane-
ously. The rejected events, for —Ek < (I — 1) < Ek, correspond to the “inconclusive
outcomes” of our generalized POVM measurement technique.

correspond to the “inconclusive” outcomes of any POVM [Per95].

The OF device has been tested and characterized in condition of spontaneous emission,
1.e., in absence of any quantum injection into C2. In this condition the output TTL sig-
nals Lg(Ly) were measured by sending only the signal /.. (/) as input and by varying
the threshold k. In this regime the number of photons generated per mode should ex-
hibit a thermal probability distribution: P(n) = % with (n) average photon num-

(1+(m))
ber per mode. Hence the probability to detect a signal above the threshold k is: TI(k) =

k
Yo P(n)= (%) . We have experimentally checked the dependence on the thresh-
old & of the number of counts, which is expressed by R x II(k), being R the repetition rate
of the source. The experimental data shown by Figure 3.5 represent a fair support of the

expected exponential behavior.

3.3.2 Experimental results

The present experiment was carried out with a gain value g = 4.4 leading to a number
of output photons N ~ 3 x 10, after OF filtering. In this case the probability of pho-
ton transmission through the OF filter was: p ~ 10™*. In order to verify the correlations
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existing between the single photon generated by the NL crystal 1 and the corresponding
amplified Macro-state, we have recorded the coincidences between the single photon de-
tector signal D4 (or D)) and the TTL signal Lg (or Ly) both detected in the same 7—basis
{?% ?_}: Figure 3.2. This measurement has been repeated by adopting the common
basis {7 R 7r_>L} Since the filtering technique can hardly be applied to the {711, 7‘/} ba-
sis, because of the lack of a broader SU(2) covariance of the amplifier, the small quantity
Vi > 0 could not be precisely measured. The phase ¢ between the £—components 711
and 7‘/ on mode k4 was determined by the Babinet-Soleil variable phase shifter (PS).
Figure 3.3.2 shows the fringe patterns obtained by recording the rate of coincidences of
the signals detected by the Alice’s and Bob’s measurement apparata, for different values
of ¢. These patterns were obtained by adopting the common analysis basis {713, 7L}
with a filtering probability ~ 10~%, corresponding to a threshold &k about 8 times higher
than the average photomultiplier signals /. In this case the average visibility has been
found V, = (54.0£0.7)%. A similar oscillation pattern has been obtained in the basis
{7+, 7_} leading to: V3 = (55+1) %. Since always is V| > 0, our experimental result
S=Vo+V3=(109.0+£ 1.2)% implies the violation of the separability criteria of Equation
(3.13) and then demonstrates the non-separability of our Micro-Macro system belonging
to the space-like separated Hilbert spaces A and B.
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Figure 3.6: Coincidence counts versus the phase ¢ of the injected qubit for a common
basis {7;,7_}: square data [Lp,Dg], circle data [L},D4]. The visibility of the fringe
pattern is: V ~ 55%. Triangle data: noise due to accidental coincidences.

3.4 Entanglement tests

As said, the exploited entanglement criterion is an extension of the spin-based single-
particle criterion of Ref.[EKD"04]. Due to the presence of losses, such an extension
requires a supplementary assumption which will be clarified in the remaining part of this
chapter. We now focus on the conditions that are necessary in order to justify the exploited
entanglement criterion. And finally, we perform a theoretical analysis of the micro-macro
system based on the parametric amplification of an entangled pair. Several approaches
for the verification of the entanglement property of the system will be addressed, showing
that a substantial fraction € of the original entanglement survives even in high losses
condition.

3.4.1 Auxiliary assumptions

For a two-photon state |y), defined on two different modes a and b, the entanglement
is demonstrated by applying the criterion in equation (3.18). More specifically, for any
separable state, the following inequality holds [Dur04, EKD"04]:

w6926, +y (61 260y, +y (61 26y, <1 (3.14)
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where 61,3 are the Pauli operators and y(-)y stands for the average on the state |y).
The same criterion can be extended to a micro-macro scenario by measuring the pseudo
spin operators ¥; on the macro state, obtained through an unitary transformation upon the
micro-micro state. Here, the £; operators are the time evolution of the Pauli operators
according to &; = UG;U7, where U is the time evolution operator of the amplifier. The
following inequality holds:

w(61 @5 ) 1w (6, @ £ )+ (617 £ ) < 1 (3.15)

In the non ideal case the multiphoton state obtained after the amplification undergoes
a decoherence process due to losses. In this case the macro-qubit |®?) transforms into
a density matrix ﬁ,q; that does not live anymore in a bidimensional Hilbert space and
the macro-qubit formalism does not hold anymore. The measurement of the pseudo-
Pauli operators requires the perfect discrimination of the number of photons present in
the detected state. In order to implement such measurement, which is out of reach for the
current technology, we have adopted the OF based strategy. The action of the O-Filter
is described by the following measurement observables, applied on the multiphoton state
after losses:

o n—k
k) = Y Y |ndt,mit") (ndt;, ma;-| — (3.16)
n=km=0
o m—k
Y Y ndty,m7) (nit;, mit;| (3.17)

m=k n=0

This probabilistic detection method allows us to infer the generation before losses of a
|®9) or a |®?L) state by exploiting the information encoded in the unbalancement of the
number of photons present in the state.

An analogous measurement scheme is shown in Fig.3.7-(b). The field is analyzed in
polarization, and each branch is equally divided among a set of single-photon detectors
(APD). Coincidences between the output TTL signals are recorded for each analyzed
polarization, and the (+1) or the (-1) outcomes are assigned depending on which of the
two analyzed sets of APDs record the N-fold coincidence. If no N-fold coincidences are
recorded, the (0) inconclusive outcome is assigned to the event. This scheme performs the
measurement of the N-th order correlation function of the field, where N is the number
of detectors. We note that the O-Filter based and the multi-detector based schemes select
analogous regions of the Fock space.

On one side, we note that the measurement of the correlations for the entanglement
test of Eq.(3.15), where the {£} operators must be replaced with the {I1} operators of
the O-Filter, are performed in the same basis for Alice and Bob’s sites. However, care
should be taken when a filtering of the detected state is performed. As shown in Fig.3.7-
(a), the O-filter detection scheme corresponds to a Fock space filtering of the output state.
The measurements performed on different polarization basis select different regions of
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Figure 3.7: (a) O-Filter based detection apparatus. Right figure: selected Fock space
region with the O-Filter measurement scheme. (b) Multi-detector measurement strategies.
The field is detected by four APD: the coincidences between all four detectors trigger
the successful events. Right figure: selected Fock space region with the multi-detector
measurement scheme.

the Fock space, corresponding to different portions of the density matrix. This is shown
in Fig.3.8, where the photon number distribution of a |n+,0—) Fock state with n = 10
in the {+,—} and {R,L} polarization bases is reported. When measured with the O-
Filter device, such state generates a conclusive (+1) outcome in the {+,—} basis, since
a strong unbalancement is present between the two polarizations. On the contrary, in
the {R,L} basis with high probability the state generates an inconclusive outcome (0)
and is filtered out. This feature has no counterpart in the micro-qubit formalism: indeed
the Hilbert space of the original photon is only two-dimensional, so there is no risk of
different subspaces being detected for different choices of measurement basis.

Without any specific assumption on the investigated system the inequality (3.15), in
which the {3;} operators must be replaced by the {I1;} ones, does not represent anymore
a bound for entangled states. It is satisfied by separable states of the form [SBB109]:

X 1 2n ~
pup = 5z | dOU(0)[17,0m)o[0m; N x

o (170,07 |, (0, N7ii- |0 () (3.18)

where U(¢) is a rotation of the whole system polarization around the z axis by an angle
Q.

Despite the previous considerations, the OF based strategy allows us to discriminate be-
tween different macro states in a probabilistic way. When k — oo the mean value of the
{fI,-} operators, calculated over the real state Tr(ﬁ,? IT;), tends to the mean value of the
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Figure 3.8: (a) Photon number distribution for a Fock state |n+,0—) with n = 10 in the
{+,—} polarization basis. (b) Photon number distribution for a Fock state |n+,0—) with
n =10 in the {R, L} polarization basis.

(a)

' micro

Figure 3.9: (a) Micro-macro system
source in a black box configura-
tion: no assumption is made about
the source. (b) Micro-macro ampli-
fied system: the macroscopic state
is generated by a coherent amplifi-
cation process of a single photon,
belonging to an EPR pair.

Pauli pseudo-spin operators, calculated over the ideal macro-qubit one (®?|%;|®?). In-
deed, for asymptotically high values of the threshold k — oo, the measurement of the {ﬁi}

operators on the ﬁg allows perfect, although probabilistic in the POVM spirit, discrimi-
nation of orthogonal states, as the pseudo-spin operator does for the macro-qubits |®?).
In other words, if the |®™) state is generated, the measurement with the {2,} operator
in the {+, —} basis never leads to the (-1) outcome. At the same time, the measurement
of the ﬁf{ state after losses with the {ﬁi} operator in the {4, —} basis does not generate
the (-1) outcome if k is large enough. According to these considerations, we can infer
the presence of the macro-qubit before losses and after the amplifier and then apply the
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original micro-macro inequality of Eq.(3.15). This inference implies an assumption on
the micro-macro system: the macro state has to be generated by an amplification process
upon a micro-micro entangled pair. Therefore the entanglement test performed by the
OF scheme allows us to infer the presence of entanglement at least before losses, and
to demonstrate the capability of amplifying an entangled pair in a coherent way. Indeed
the class of separable state in Eq.(3.18) cannot be generated by a coherent amplification
process.

3.4.2 Different micro-macro entanglement tests

For a set {IT;} of dichotomic operators, without making any supplementary assumptions,
the bound to be violated in order to demonstrate the entanglement of the overall micro-
macro system must be modified with respect to Eq.(2), and a necessary condition for
separable states is given by the following inequality:

s= (6 21" )y + (61 @ 1) + (6 0 1)y < V3 (3.19)

Such criterion presents the interesting feature of not requiring any knowledge of the
Hilbert space where the analyzed states live. Indeed, in the derivation of the bound (3.19)
the only necessary assumption concerns the measurement operators, which can have only
two possible outcomes (4-1) . We then applied the obtained criterion to evaluate the quan-
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Figure 3.10: Numerical evaluation of the witness S for the specific choice of the Pauli
pseudo-spin operators {3;} as measurement operators {II;} as a function of the detection
losses 7, calculated for several values of the gain of the amplifier. The upper horizontal
solid line corresponds to the bound for separables states of the general criterion (3.19),
while the lower solid line corresponds to the bound for separable states (3.15) where a
standard assumption on the Hilbert space is necessary.

tity S for the micro-macro state generated through the process of optical parametric am-
plification, for the specific choice of the Pauli pseudo-spin operators as the measurement
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operators. More specifically, we evaluated the value of S as a function of the transmission
efficiency 7 of the multiphoton mode kp for several values of the gain g [Fig.3.10]. The
value of § is then compared to the bound for separable states Sgen = /3. We observe
that this entanglement measure is fragile under losses, since the value of S falls below
the bound for separable states when the number of lost photons is R(n) ~ 1. Such result
is expected since the Pauli operators allows to distinguish the |®?) states exploiting the
well-defined parity in the number of photon generated by the amplifier depending on the
polarization of the input states. In presence of losses, such well-defined parity is quickly
cancelled, thus not allowing to discriminate among the macro-states with this kind of
measurement. This feature of the macro-states generated through the process of optical
parametric amplification is reported and discussed in Refs.[DSS09b, SVDT09].

Entanglement detection in a highly attenuated scenario

An alternative approach can be used to demonstrate the presence of entanglement in our
micro-macro configuration. The macroscopic field is deliberately attenuated up to the
single-photon regime and detected through an APD. Such method has been exploited
to demonstrate the entanglement up to 12 photons in a spontaneous parametric down
conversion source [EKD"04], or in a micro-macro configuration [DS05]. The average
number of photons impinging onto the detector in this regime is then 1(n) < 1, where 1
is the overall quantum efficiency of the channel. The density matrix of the macroscopic
state can be reduced to a 1-photon subspace, and the joint micro-macro system is defined
in a 2 x 2 Hilbert space. The complete state ;5,*1‘3 reads:

[2 0 0 0
L[ 0 La+R) —b+d) o
Pn = 1+321 0 —%(1—|—t2) %(1+t2) 0 (3.20)
0 0 12
where:
t=(1-nr (3.21)

In Fig.3.11-(a) we show the density matrix of the joint micro-macro system for a value
of g =3 and 1 = 10~*, showing the presence of the off-diagonal terms even in the high
losses regime. This system is entangled for any value of the nonlinear gain g. This
property can be tested by application of the Peres criterion or by direct calculation of the
concurrence, which reads:

) 1—12
C(pp®) = ( T 3t2> >0 (3.22)

This quantity is always positive, as plotted in Fig.3.11-(b), showing the presence of en-
tanglement for any value of the gain. Since no entanglement can be generated with lo-
cal operations (such as a lossy process) [EKD"04], the presence of entanglement in the
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Figure 3.11: (a) Density matrix of joint micro-macro system in the high losses regime,
for a gain value of g = 3 and a value of the losses parameter 7 = 10™*. (b) Plot of the
concurrence C(ﬁ{;B ) as a function of the parameter t = I'(1 — 17). We note the persistence
of the off-diagonal terms and entanglement for all values of g and 1.

highly attenuated regime is due to the presence of entanglement in the micro-macro sys-
tem before losses.

This criterion allows us to discuss an important feature of the micro-macro system based
on optical parametric amplification. The entanglement of this system is generated in the
micro-micro source, where the singlet polarization state |y ™) is produced. The action of
the amplifier is to broadcast the properties of the injected seed to the multiparticle state.
In particular, the entanglement present in the original photon pair after the amplification
process is transferred and shared among the generated particles (see Fig.3.12). If a certain
amount of losses is introduced in the macro-state and € is the percentage of photons that
survive such decoherence process, the amount of entanglement detected after losses is
reduced of a factor € but drops to O only if all particles are lost.

To conclude these considerations, we extend the analysis of the micro-macro amplified
system in this highly attenuated scenario to the case where the injection of the single-
photon in the optical parametric amplifier occurs with a non unitary efficiency p < 1. In
this case, the density matrix of the joint micro-macro system reads:

t> 0 0 0 t 000

A g2 1 {0 (142 —J(1+7%) 0 0t 00
AB _ 1) P 2 2 —

="y ez (o S+ fa+2) o TUTPT o 0 ¢ o

0 0 0 12 000 ¢

(3.23)

where .45 , is the opportune normalization constant. In Fig.3.13 (a)-(b) we show the
density matrix for a gain value g = 3, for 1 = 10~* and injection probabilities of p = 0.5
and p = 0.25. The effect of a decreasing injection probability p is the reduction of the off-
diagonal terms and hence of the coherence terms. The application of the Peres criterion
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B Figure 3.12: Diagramatic scheme
of the entanglement broadcasting
from the single photon pair to the
multiparticle state. In presence of
losses, the entanglement is reduced
of a factor €.
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For p > pcrit, the micro-macro system in this highly attenuated regime is entangled, while

for p < p.rir the system is separable. The same result is confirmed by the calculation of
the concurrence, which reads:

on this density matrix gives a critical value of the injection probability p.,i; =

p(1—1*)—(1—p)ts*(1—1%) .
C(paB) = { P+ T2 ps (1) for p > peri (3.24)
4 0 for p < perir

In Fig.3.13 (c) we report the plot of the concurrence as a function of the gain g for several
values of the injection probability p and 7 = 10~%. For decreasing p, the concurrence
drops to O for a lower value of the gain. Furthermore, in Fig.3.13 (d) we report the plot of
the critical injection probability p.,;; as a function of the gain g and the transmission effi-
ciency 1. As the gain g is increased, the value of the critical injection probability increases
up to a value close to 1. This means that, for high values of the gain, an high injection
efficiency is requested to detect the entanglement with such measurement strategy.

Spin-based entanglement criterion

Another approach for a micro-macro entanglement test is based on the detection of the
quantum Stokes operators, defined as: fﬁ = bj—f‘bﬁ-i — bj% 1 bz For a micro-macro system,
the following inequality, found by Simon et al. in Ref[SBOS], holds for any separable

state: .
(64-J%)| = (NVF) <0 (3.25)

where N3 is the photon number operator. Both 64 and /2 are vectors of the Pauli and
Stokes operators respectively. For the micro-macro configuration under investigation,
based on the amplification of a single-photon state, the following result [SBB09] holds:

(64 75)| = (RB)y =2m >0 (3.26)
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thus violating the bound for separable states. A more detailed discussion of this Stokes-
based approach on the investigated micro-macro source is reported in Ref.[SSPT10].
Again, some entanglement survives for any value of the gain and of the losses param-
eter 1. However such criterion is not feasible from an experimental point of view since
the measurement of the Stokes operators requires perfect discrimination in the photon-
number, as in the pseudo-Spin operator case.

0 05 1 15 2 25 3
g

Figure 3.13: (a)-(b) Density matrix of the micro-macro system in the high losses regime,
for a gain value of g = 3 and a value of the losses parameter = 10~%. (a) Injection
probability p = 0.5 and (b) injection probability of p = 0.15. (c) Concurrence C (ﬁﬁﬁ,) asa
function of the gain g for n = 10~*. Red solid line corresponds to an injection probability
p =1, green long dashed line to p = 0.5, blue short dashed line to p = 0.25 and black
dotted line to p = 0.05. (d) 3-dimensional plot for the critical injection probability p i
as a function of the gain g and the transmission coefficient 7.
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3.5 Observations and conclusions

In this chapter we have shown how to realize a multiphoton state consisting in thousands
of photons through an amplification process performed over a single photon state belong-
ing to an entangled pair. The micro-macro state so realized still shows quantum features,
and it is found to be non-separable under specific assumptions. The adopted entanglement
criterion in our experiment allowed indeed to infer the presence of entanglement after the
amplification process but before losses in the detection apparatus. An a priori knowledge
of the source is necessary in order to exclude a class of separable states that can reproduce
the obtained experimental results. One of the reason for the necessity of this assumption
is given by the exploited detection strategy, which presents the feature of a POVM with
an in- conclusive outcome which depends on the measurement basis.

A more general analysis about the possibility of observing entanglement, even in pres-
ence of losses, in a micro-macroscopic state has been addressed at the end of the chapter:
the spin formalism as well as the Stokes parameters one requires perfect discrimination
in the photon-number, which is not a feasible requirement from an experimental point
of view. A possible perspective for such an investigation field could then involve the
analysis of the micro-macro system through the continuous variables formalism and the
reconstruction of Wigner function for the overall state. An appropriate entanglement cri-
terion in that case has then to be found.
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Chapter 4

Macro-Macroscopic quantum systems
based on high gain spontaneous
parametric down-conversion

In this chapter we consider the high gain spontaneous parametric down-conversion in a
non collinear geometry as a paradigmatic scenario to investigate the quantum-to-classical
transition by increasing the pump power, that is, the average number of generated pho-
tons. The possibility of observing quantum correlations in such macroscopic quantum
system through dichotomic measurement will be analyzed by addressing two different
measurement schemes, based on different dichotomization processes. More specifically,
we will investigate the persistence of non-locality in an increasing size 5-spin singlet state
by studying the change in the correlations form as »n increases, both in the ideal case and
in presence of losses. We observe a fast decrease in the amount of Bell’s inequality viola-
tion for increasing system size. This theoretical analysis is supported by the experimental
observation of macro-macro correlations with an average number of photons of about
103. Our results enlighten the practical extreme difficulty of observing non-locality by
performing such a dichotomic fuzzy measurement.

4.1 Quantum to classical transition

For long time the investigation about entanglement and non-locality has been limited to
quantum systems of small size [Bel64]. Theoretical and experimental works on Bell’s
inequalities have been devoted to the study of single particle states, in which dichotomic
measurements have been performed [CHSH69]. Non-locality tests have been achieved
with single photon states, produced by parametric down conversion, by detecting po-
larization correlations [AS98, OM88, KSSA98]. More recently the violation of Bell’s
inequality has been performed with a larger number of photons: on GHZ [CYZ"06] and
cluster states [WARZO0S5] up to 4 photons.

On the other hand, the possibility of observing quantum phenomena at a macroscopic
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level seems to be in conflict with the classical description of our everyday world knowl-
edge. The main problem for such observation arises from the experimental difficulty of
sufficiently isolating a quantum system from its environment, i.e., from the decoherence
process [Zur03]. An alterative approach to explain the quantum-to-classical transition,
conceptually different from the decoherence program, has been given, very recently, by
Kofler and Brukner, along the idea earlier discussed by Bell, Peres [Per95] and others.
They have given a description of the emergence of macroscopic realism and classical
physics in systems of increasing size within quantum theory [KB07]. They focused on
the limits of the quantum effects observability in macroscopic objects, showing that, for
large systems, macrorealism arises under coarse-grained measurements. More specif-
ically they demonstrated that, while the evolution of a large spin cannot be described
classically when sharp measurement are performed, a fuzzy measurement on a large spin
system would induce the emergence of the Newtonian time evolution from a full quan-
tum description of the spin state. However, some counterexamples to such modeliza-
tion have been found later by the same authors: some non classical Hamiltonians violate
macrorealism despite coarse-grained measurements [KB08]. One example is given by
the time-dependent Schrodinger catlike superposition, which can violate macrorealism
by adopting a suitable “which hemisphere” measurement. Therefore the measurement
problem seems to be a key ingredient in the attempt of understanding the limits of the
quantum behavior of physical systems and the quantum-to-classical transition question.
As a further step, they also demonstrated [KBBO09] that macrorealism does not imply a
continuous spatiotemporal evolution. Indeed, they showed that the same Schrodinger cat-
like non-classical Hamiltonian, in contact with a dephasing environment does not violate
any longer a Leggett-Garg inequality, while it still presents a non-classical time evolution.
In a recent paper Jeong et al. [JPR09] contribute to the investigation about the possibility
of observing the quantum features of a system when fuzzy measurement are performed
on it, finding that extremely-coarse-grained measurements can still be useful to reveal the
quantum world where local realism fails.

In this context, the possibility of obtaining macroscopic quantum systems in labora-
tory has raised the problem of investigating entanglement and non locality in systems in
which single particles cannot be addressed singularly. As shown in Ref. [CPHZ02], the
demonstration of non-locality in a multiphoton state produced by a non-degenerate opti-
cal parametric amplifier would require the experimental application of parity operators.
On the other hand, the estimation of a coarse grained quantity, through collective mea-
surements as the ones proposed in Ref. [PDS06], would miss the underlying quantum
structure of the generated state, introducing elements of local realism even in presence
of strong entanglement and in absence of decoherence. The theoretical investigation on a
multiphoton system, obtained via parametric down conversion, has been also carried out
by Reid et al. [RMDO02]. They analyzed the possibility of obtaining the violation of Bell’s
inequality by performing dichotomic measurement on the multiparticle quantum state.
More specifically, in analogy with the spin formalism, they proposed to compare the num-
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ber of photons polarized “up” with the number of photons polarized “down” at the exit of
the amplifier. The result of this comparison could be either (+1) or (-1) hence the mea-
surement on the multiphoton state turned out to be dichotomic. In such a way Reid et al.
revealed a small violation of the multiparticle Bell’s inequality even in presence of losses
and quantum inefficiency of detectors. It’s worth nothing that this violation presents a
fast decreasing behavior as a function of the generated photons number. In a recent paper,
Bancal et al. [BBBT08] have discussed different techniques for testing Bell’s inequalities
in multipair scenarios, in which either at Alice’s and Bob’s site a global measurement is
performed. They distinguished between two cases: distinguishable, i.e. independent, and
indistinguishable, i.e. belonging to the same spatial and temporal mode, photon pairs.
They found that while the state of indistinguishable pairs results more entangled, the state
of independent pairs appears to be more nonlocal.

In this chapter, we investigate the macroscopic-macroscopic state generated by high
gain spontaneous parametric down-conversion. The possibility of observing quantum cor-
relations in macroscopic quantum systems through dichotomic measurement will be ana-
lyzed, by addressing two different measurement schemes, based on different dichotomiza-
tion processes. More specifically, we will investigate the persistence of non-locality in an
increasing size 5-spin singlet state by studying the change in the correlations form as
n increases, both in the ideal case and in presence of losses. At last, experimental ob-
servation of macro-macro correlations will be reported. The results obtained enlighten
that dichotomic fuzzy measurements lack of the necessary resolution to characterize such
states and show the extreme difficulty to observe quantum non-locality in this experimen-
tal configuration.

4.2 Macroscopic quantum state based on high gain spon-
taneous parametric down-conversion

The investigation on the micro-macro transition will be performed on a paradigmatic
physical system: the optical parametric amplifier working in a high gain regime. The
quantum state produced in a low gain regime has been experimentally realized and deeply
studied in the past few years [EKD1T04, CDP*06]. We are now interested in analyzing
the behavior of such quantum system when the number of photons is increased and it
undergoes a fuzzy measurement, in which the generated particles cannot be addressed
singularly, but a dichotomic measurement is performed on the overall state. More specifi-
cally, the radiation field under investigation is the quantum state obtained by spontaneous
parametric down-conversion (SPDC) with an EPR type-II source [KMW 195, EKD*04],

whose interaction Hamiltonian is: 77, = thy <&}LTZA7,T; L &jr LB;) + H.c. where djr and B,Tr
are the creation operators corresponding to the generation of a -polarized photon on spa-

tial modes k4 and kp, as sketched in Fig.4.1, and ¥ is the constant describing the strength
of the interaction.
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Figure 4.1: Conceptual scheme of the macroscopic-macroscopic source and of the de-
tection apparatus. The multiphoton fields on the two spatial modes of an EPR source
are analyzed in polarization with dichotomic measurements, where the +1 value is as-
signed if nz > ny , and —1 otherwise. Finally, coincidences between the two apparata are
considered.

EPR
SOURCE

The output state reads [EKD"04]:

1 [oe]
- :EZF"\/;@—HHI,I/D 4.1)
n=0

ly, ) = Z (n—m)mw,mm )almm,(n—m)m, )p 4.2)

where I' = tanh g and C = cosh g; g = x is the non-linear gain (NL) of the process. Hence,
the output state can be written as the weighted coherent superposition of singlet spin-5
states |y, ).

As said, this EPR source has been already studied in different gain regimes. First,
Kwiat et al. [KMW195] exploited the polarization singlet-state emitted in the single-
pair regime to obtain the violation of Bell’s inequalities. Subsequent works studied the
multi-photon states generated in a high gain SPDC source. Eibl. et al. [EGB103] exper-
imentally demonstrated four-photon entanglement in the second-order emission state of
the SPDC source, by taking the four-fold coincidences after the two output modes of the
source were splitted by 50-50 beam-splitters. A generalized non-locality test [WZ01] was
also successfully performed in this configuration. A similar scheme was subsequently
exploited by Wieczorek et al. [WSK108] to experimentally generate an entire family of
four-photon entangled states. The presence of polarization-entanglement in the multi-
photon states up to 12 photons has been proved by studying the high losses regime where
at most one photon per branch was detected [EKD*04]. The density matrix of this two-
photons state was analytically derived and experimentally investigated in a more recent
work [CDP106], where it has been demonstrated that it coincides with the one of a Werner
state (WS), i.e., a weighted superposition of a maximally entangled singlet state with a
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fully mixed state. However, no experimental demonstration of entanglement and non-
locality has been given in the multi-photon regime where the generated state does not
undergo to a controlled lossy detection scheme.

4.3 Dichotomic measurements on macroscopic states

In the context of the investigation on entanglement and non-locality between macroscopic
systems, Bell’s inequalities have been generalized to many particle regimes. Among var-
ious strategies, several possible extensions of dichotomic measurements in the macro-
scopic regime have been presented [RMDO02, BBB08]. By these methods, CHSH-type
inequalities can be exploited in order to perform non-locality tests also in many-particle
collective states.

In this section we analyze two possible kind of dichotomic measurements on macro-
scopic states, based on photon counting and signal processing techniques. The first tech-
nique is based on the Orthogonality-Filter (O-Filter) device [NDSDO07, DSVO08], which
has already been introduced in the previous chapter to test experimentally the entangle-
ment between a microscopic and a macroscopic field. This method has several analogies
with the detection strategy presented in Ref. [SBBT09] and attributed to a biological
“human eye” detector. The second technique is a threshold dichotomic detection scheme,
whose action is independent on the input state and hence can be exploited for a Bell’s
inequalities test.

4.3.1 Orthogonality Filtering

The first dichotomic measurement technique we analyze in this section is based on the
O-Filter (OF) device introduced in the previous chapter. We utilize now this technique in
a different experimental framework. Let us now give a formal description of this mea-
surement technique in the POVM framework. First, the incident radiation is analyzed
in polarization by a couple of photon-number resolving detectors on each spatial mode
{ka,kp}. In the ideal case, this measurement corresponds to the projection of the imping-
ing field onto the Von Neumann operators: ﬁn’m = |nmt,mn, ) (nw,mm, |, where |nm,mm, )
represents a quantum state with n photons with polarization 7 and m photons with polar-
ization 7, . Subsequently, the dichotomization of the measurement corresponds to assign
the value (+1) if ng —myg, >k, (-1) if mg, —ng >k, and (0) otherwise (Fig.4.2-(a)). This
choice of the detection scheme corresponds to the POVM operators:

o n—k

(k) = ZkZOfIn,m (4.3)
o~ m—k

k) = Y Y L, (4.4)
m=k n=0

0 (k) = T—BiE) By 4.5)
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Figure 4.2: Selected regions of the Fock
space for the two presented measurement
schemes. Each diagram in this figure is
referred to a single spatial mode. (a)
O-Filtering technique representation in the
bidimensional Fock-Space {nz,my }. The
(+1) and (-1) regions correspond to a differ-
ence in the detected photon numbers |n; —
mr L| > k. The (0) region corresponds to an
inconclusive measurement. (b) Dichotomic
mr threshold measurement representation in the
bidimensional Fock-Space {rnyz,mz }. Only
0 those pulses containing a sufficiently high
photon number can be detected due to the
0 +1 threshold response of the apparatus. Then,
k a dichotomic assignment is performed on
( C) the measurement outcomes. (c) Response of
“biological” detectors, which are sensible to
the impinging field only if the photon num-

ber exceeds an intrinsic threshold k.

\

The discarded outcome (white region in Fig.4.2-(a)) turns out to be state dependent. This
property, as we shall see later, renders this kind of dichotomic measurement unfeasible
for applications in Bell’s inequalities test.

4.3.2 Threshold detection

We now introduce a different dichotomic measurement method which is based on a thresh-
old detection scheme. Let us consider the following apparatus. As in the OF case, the
incident field is analyzed in polarization on each spatial mode by photon-counting detec-
tors, and the Von Neumann operators that describe this intensity measurement are again
the fI,,jm projectors. The dichotomization of the measurement then proceeds as follows
(Fig. 4.2-(b)). The (+1) outcome is assigned when the threshold condition ng +mz > h
is satisfied and when ng > my . Analogously, the (-1) outcome is assigned in the opposite
case ng < my, conditionally to the satisfaction of the threshold condition nz +myz > h.
If ny = my , one of the two outputs (£1) is assigned with equal probability p = 1/2. The
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POVM operators that describe the measurement can then be written in the form:

im) = Y Y My (4.6)
n:hm<%

e (h) = Zh Y Tl 4.7)
n=hm>%

i () = [T 1) (4.8)

We note that the choice of the threshold / is made independently on the input state, and it
is an intrinsic property of the detection apparatus. Furthermore, this scheme has the pe-
culiar property of selecting an invariant region of the Fock space with respect to rotations
of the polarization basis. More specifically, let us consider the case in which the measure-
ment is performed choosing a polarization basis 7,7, . With that choice, all the pulses
for which ny +my < h are not detected. Rotating the basis to 7t/, 77,'3_ the undetected part
of the wave function still corresponds to the application of the same threshold condition
in the new basis n_s + m;r > h. Hence, the filtered Fock-space region is independent on
the choice of the polarization basis but is a function only of the threshold A, which is
an intrinsic property of the detection apparatus. This feature is the main difference with
the OF device discussed in previous section, and renders the TD based detection strategy
feasible for its implementation in Bell’s inequalities tests.

4.4 Bell’s inequalities between macroscopic photonic states

In this section we perform a theoretical investigation on non-locality in a specific macro-
scopic quantum system analyzed with the threshold detection apparatus previously intro-
duced. Specifically, we investigate the quantum correlations between the fields associated
to modes k4 and kp of the state of Eq.(4.1) by using the dichotomic measurements de-
scribed in the previous section. More specifically, we derive the interference fringe pattern
obtained by varying the polarization analysis basis on mode kp. As a first step, we con-
sider individually the singlet spin-5 states (4.2), and we subsequently extend the results
to the SPDC output superposition state of Eq. (4.1). To generalize the results to a realistic
detection and transmission apparatus, we numerically simulate the effect of losses and
non-unitary detection efficiency in the interference fringe pattern. Finally, we address the
problem of non-locality by investigating a CHSH inequality for this detection apparatus,
studying how the amount of violation is modified by the increase in the photon’s number
n.

4.4.1 Interference fringe pattern on singlet spin-5 states

We begin our analysis on the macroscopic-macroscopic state by evaluating the correla-
tions existing between the two spatial modes of the spin-75 singlet states (Eq.(4.2)). We
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use a pure dichotomic measurement scheme, where the (+1) and (-1) outcomes are as-
signed whether the difference in the number of photons with two orthogonal polarization
is positive or negative. Finally, if the detected difference in the number of photons is
0, one of the (1) outcomes is randomly assigned to the event with equal probability
p = 1/2. We note that this choice is a subcase of the threshold detection and O-filtering
methods introduced in the previous Section, corresponding to the values 4 =0 and k = 0.
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Figure 4.3: Theoretical interference fringe-patterns for singlet spin-5 states. The polar-
ization basis on mode ky4 is kept fixed while on mode Kkp the basis is varied to obtain the
fringe pattern. Figures correspond to values of (a) n =1, (b) n =7, (¢) n =25 and (d)
n =>51. The sinusoidal pattern of the spin—% progressively transforms into a linear pattern.
In all figures, black continuous line corresponds to the coincidences of both the (+1,+1)
and (-1,-1) outcome configurations, while red dashed line corresponds to the (+1,-1) and
(-1,41) outcomes on the two spatial mode. Note that the maximum for each fringe is
0.5, which is the probability to obtain one of the two possible anti-correlated outcomes

(F1,£0D).

The scheme for evaluating the correlations is sketched in Fig. 4.1. The two spatial
modes of the |y, ) are analyzed with the dichotomic measurement apparatus here de-
scribed. The polarization’s basis on mode Ky is fixed on {7%+,7_}, while on mode kp the
analysis basis is varied over the Bloch sphere. In particular, due to the SU(2) symmetry of
the emitted states, it is sufficient to consider only the linear polarizations case, defined by
the rotation: g = cos 6 ;. +sin 6 7T_. The fringe patterns are then obtained by evaluating
the coincidences between the outcomes of the two detection apparatus on modes k4 and
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kp. More specifically, this measurement corresponds to the evaluation of the averages:
(FL.£D) g fED & (1) —

D10 0) = (v | (150 0) @ (756 @) i)
_ FED i (1) —

= (| (A 0) @ (Fre @) lwi)

The calculation of this measurement has been analytically performed by expressing the
singlet spin-5 states of eq.(4.2) in the analyzed polarization basis:

(4.9)

) =Y. Y & ,(6)[(n—m)+,m—),|p6,(n—p)6. )y (4.10)
m=0 p=0
where:
en,(0)=) (—1)%3’*"‘2%3""‘1’“‘1
a(m.p) (4.11)
[C” e ’;cg'cg}

with oty = cos 0, By = sin 6 and Cj. W is the binomial coefficient. The limits of
the sum over g have an explicit dependence on the values of p and m and are not reported
here. Finally, by direct application of the measurement operator, the interference fringe

patterns are evaluated as:

(£1,4£1)
DM =) g (4.12)
{m.p}

The extension of the sums over m and p depends on the choice of the outcome on each
spatial mode according to the definitions of Eqs.(4.3-4.5) and (4.6-4.8).

In Fig.4.3 we report the results obtained for different values of the number of photons
n. The simplest case, corresponding to a spin—— state, presents the well-known sinusoidal
pattern, as shown in Fig. 4.3-(a). The sinusoidal pattern is responsible for the violation of
Bell’s inequalities as no classical system can present this dependence from the phase 6.
For progressively higher values of n, as shown in Fig. 4.3-(b-d), the fringe pattern changes
its dependence from the phase from a sinusoidal to a linear form. The latter represents the
typical response of a pair of classically anti-correlated spin-J systems, analyzed through a
dichotomic “which hemisphere” measurement [Red], i.e. the measurement of the angular
momentum sign.

Such detection scheme is completely analogous to the dichotomic strategy analyzed
in this section.

The transition with increasing n towards a classical response for the singlet spin-5 can
be explained observing that the chosen dichotomic detection scheme is no more sufficient
to fully characterize the singlet spin states of increasing size n > 1. This measurement
lacks of the necessary resolution [CHRB] to observe the peculiar quantum properties of
these states. In other words, this measurement scheme is not sufficient to fully extract the
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information encoded in the polarization anti-correlation of the singlet spin states. Their
characterization would require a more sophisticated detection apparatus able to discrimi-
nate the value m of the spin projection, i.e. in our case the difference in the orthogonally
polarized photon number, and not only its sign. An example of such measurement [Per95]
is given by the parity operator Pz, =Y _o(=1)"|(n—m)w,mn, ) ((n—m)m,mn, |.

The correlation between the two spatial modes of the singlet spin-5 states evaluated
with this measurement operator leads to the following expression:

Py (8) = (W, | (Pr—) , @ (Pos6, ) g 1V )
_ (_pypsinln 1) (4.13)
B (n+1)sin6

This correlation function violates a CHSH inequality of an amount Scgsy = 2.481 > 2
[Per95] even in the asymptotic limit of large number of particle (n — o). However, such
scheme based on the parity operator requires a sharp photon number measurement in order
to discriminate with unitary efficiency among contiguous values of the spin projection.
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Figure 4.4: Plot of the interference fringe pattern D (6) for singlet spin- 5 states

W)
divided by a linear function L(6) corresponding to the behavior of two distinct classical

macroscopic objects.

As a further analysis, let us plot (Fig.4.4) the function D‘(Vi,nl ;ﬂ) (6)/L(6), which cor-
responds to the ratio between the interference fringe pattern of the macro-macro configu-
ration and a linear function of 6. The choice of the curve L(6) as a reference is motivated
by the following consideration. The evaluation of the CHSH parameter in a system char-
acterized by the linear response leads to the maximum value in a classical framework
Scusa = 2. Hence, this function L(60) can be considered as the boundary between the

“classical” and the “quantum” regions, since it represents the response of two classical
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anti-correlated systems to this test. In Fig.4.4, we note that the ratio D‘(;/t,} Sil)( 0)/L(0)
presents a number of intersections with the axis y = 1 (unitary ratio) proportional to the
value of n. This depends on the explicit functional form of the interference fringe pat-
tern of Eq.(4.12). Indeed, analyzing the explicit expression (Eq.(4.11)) of the coefficients
m.p(8), we find a sum of terms (cos )" P74 (sin@)" " P4 where the sum of the

8”

+1,+1

ey (0)
(Eq.(4.12)) can be re-organized in a Fourier series expansion containing all the Harmon-

fj;;il)(e) and the linear
function L(0) is progressively reduced, since more harmonics are present in the Fourier
expansion which asymptotically reaches the expansion of L(6).

In conclusion, the increase in the number of photons renders the dichotomic measure-
ment inefficient for the complete characterization of the state, and the decreased correla-

tions become more similar to classical ones.

exponents is equal to the number of photons n. Hence, the fringe pattern D

ics up to kK = 2n. With increasing n, the difference between D

4.4.2 Propagation over a lossy channel

Decoherence in macroscopic systems represents the main cause for the impossibility of
observing quantum phenomena in every-day life and for the realization of quantum ex-
perimental schemes. In the previous section we described a correlation experiment based
on dichotomic detection in an ideal setup, where both the transmission channel and the
detection apparatus possess unitary quantum efficiency. However, in real setups loss in
both stages must be considered. Hence, the investigation on the effects of decoherence
allows to understand both the transition from the quantum to the classical world and the
feasibility of the schemes here presented in order to violate the Bell’s inequalities.

To this end, we introduce a beam-splitter model [Lou00, Le0o93] to simulate losses
phenomena on the macroscopic field here analyzed. In particular, the analysis has been
performed for any singlet spin-5 state which, in the decoherence-free case, exhibits the
transition from a sinusoidal interference pattern (n = 1) to an asymptotic linear inter-
ference fringe pattern (n > 1). Again, the detection scheme used is a pure dichotomic
measurement apparatus (corresponding to the threshold detector and a O-Filter with /& =
k = 0). As the measurement operators of Eqs. (4.3-4.8) are linear combination of Fock-
state projectors, the lossy channel can be simulated numerically. More specifically, our
calculation is divided in the following steps. First, for a set of angles 6 of the analy-
sis basis on spatial mode kp, we calculated the coefficients of the state &, ,(8) defined
in Eq.(4.11). As the measurement operators are diagonal in the Fock basis, the results
of the measurement depend only on the diagonal part of the density matrix after losses.
Furthermore, the map that describes the lossy process, i.e. .Z[p] = Y ndpa’* }/,j where
U e e
matrix. All these considerations allow us to focus our numerical analysis on the diag-
onal part of the density matrix. The numerical simulation proceeds as follows. Let us
for example focus our attention on the (+1,+1) joint outcome. The coefficients of the

, maps diagonal elements in diagonal elements of the density
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distribution |g, ,(6) |? are arranged in a matrix form, labeled by the row and column in-
dexes (m,p). For each value of m and p, 4 binomial random number generators with
average values respectively {(n —m)n,mn, pn, (n— p)n} simulate a single shot passage
of the |(n —m)+,m—)4 ® |pB,(n — p)6, )p element through the lossy channel of effi-
ciency 1. Then, the output number of photons transmitted by the channel on each spatial
mode are dichotomically compared, assigning 1 to the event if it belongs to the (+1,+1)
joint outcome configuration and O otherwise. We then repeat this procedure N times,
averaging the results of the simulation for each value m and p, thus generating a matrix

1,+1 .. o .
M,g]fp A+ containing both the transmission and the measurement processes. Finally, the

point Df;l’ﬂ) (0) is reconstructed combining the matrix M,(,j,,l 1) that describes the dy-

n,n
namical process and the original photon number distribution of the state in the chosen

basis, according to:

n

Df;“”(e) = Y My Ve (o)) (4.14)
i m,p=0

The same procedure is applied for the other three outcomes of the joint dichotomic mea-
surements. The results of the simulation for different values of the channel transmittivity
n are reported for a fixed value of n = 51 in Fig.4.5. As the efficiencies of the channel
and the detection scheme decrease, the linear fringe patterns progressively evolve into
sinusoidal ones, at the cost of a smaller value of the visibility.

Normalized coincidences

00 05 10 15 20 25 30
Phase

Figure 4.5: Interference fringe pattern in presence of losses for the singlet spin-7 state for
n = 51. The effect of the lossy channel is the progressive lowering of the visibility, while
the dependence on the phase changes from a linear to a sinusoidal pattern.
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4.4.3 O-Filtering and Threshold detection in a lossy regime

The analysis performed on the correlations present in the singlet spin-5 states has been
focused on the detection by a pure dichotomic scheme. We are now interested in observ-
ing the effects of more sophisticated POVM measurements, as the threshold detection or
the O-filtering methods introduced in Section 4.3. In particular, we analyze how both the
visibility and the form of the fringe pattern are modified exploiting this different measure-
ment schemes. The main idea beyond this approach concerns the possibility of beating
the losses effects on the macro-macro correlations, by using a more sophisticated mea-
surement than a pure dichotomic one.

We first analyze the correlations obtained by the O-Filtering detection scheme, intro-
duced in Section 4.3.1. The fringe pattern can be calculated by evaluating the average:

FUs 0,m) = < (Ff_”(h))A ® (Fe(j;? (h))B> 4.15)

We performed a numerical simulation, in order to consider also the transmission over
a lossy channel, with a procedure analogous to the one described in the previous section.
We report in Fig.4.6 the fringe pattern obtained for the n = 51 singlet states for two values
of the channel efficiency. We note that, as the OF threshold k is increased, the tails of
the fringe pattern are damped, while the form of the fringe around the peaks remains
unchanged. Furthermore, both the minimum and the maximum of the fringes are lowered
by this filtering procedure. To understand the advantage of this measurement scheme with
respect to the pure dichotomic case, we analyze in Fig.4.8 the trend of visibility of the
fringe pattern as a function of the threshold. We note that, for increasing k, the visibility
is increased by the filtering process. This advantage obtained by exploiting the O-filtering
measurement can be explained by the following considerations. In absence of losses, the
visibility of the fringe pattern is always unitary, as the analyzed state presents perfect
polarization anti-correlations. After the transmission over a lossy channel, the binomial
statistics added to the photon number distribution is responsible for the partial cancelation
of this property. More precisely, if the difference between n; and my;, on any of the
two spatial mode is little, losses may invert the outcome of a dichotomic measurement,
i.e. for example the (+1) outcome may be converted to the (-1) outcome if unbalanced
losses occur in that specific event. Such a process can generate the occurrence in the
joint measurement of a result with positive correlations, i.e. (+1,+1) or (-1,-1), where in
the decoherence-free case only anti-correlations are present. Thus, the visibility of the
fringe pattern can be reduced by the presence of losses. However, to invert the outcome
of matrix elements with n; —mz, = g > 0, a strongly unbalanced losses in a single shot
for the two polarization modes must occur. This event has a decreasing probability as the
difference ¢ becomes larger. Since the O-filter device selects these zones of the Fock space
which present such unbalancement, the outcome inversion becomes practically negligible
and the visibility of the fringe pattern progressively returns unitary as the threshold & is
increased.



86 Macro-Macroscopic quantum systems based on high gain spontaneous parametric down-conversion

05 ‘ : 0.30 ‘
— k=4
| — k=4
N 0.4+ (a) A - k=8 ° 025 (b) k=8
f - k=
] 2oy k=12]| & 0.201 k=12
£ 034 ’ M) S -~
b at \ S 0.15] AN
2 0.2 f ) e )/ N
£ 4 A\ ‘s 0.10 p .
(8] /' A o ’ \
0.14 / A 0.05 // \\
7 \\ 7/ Ay
0.04+4— ‘ ‘ ‘ ‘ ) 0.00 e ‘ ‘ S
00 05 10 15 20 25 30 00 05 10 15 20 25 30

Phase Phase

Figure 4.6: Effect of the O-Filtering detection technique on the fringe pattern of an =51
singlet state. (a) Transmittivity 11 = 1 and (b) transmittivity 1 = 0.3. As the threshold k&
is increased, the tails of the fringe pattern are rounded.

Let us now consider the second POVM dichotomic measurement under investigation,
the threshold detection TD. The interference fringe pattern with this measurement scheme

can be calculated as:
A (1)
Too, (k)) B>

(£1,£1) ) ((FD)
Ty (00 =((7210) o

In this expression, as before, the average is evaluated over the density matrix of the state
after the numerical simulation of the lossy channel. In Fig.4.7 we report the form of the
fringe pattern for n = 51 and two different values of the transmittivity of the channel. As
the threshold 4 is increased, we note that the TD device is responsible for the progressive
return of the fringe patterns to their original form in absence of losses, i.e. for high values
of n an approximately linear form. This behaviour can be explained as follows. While
the original singlet-state has a well definite number of photons, the lossy channel reduces
the number of photons to an average of 1 (n), with Poissonian fluctuations. At the mea-
surement stage the threshold /4 in the TD device neglects (Fig.4.2-(b)) the sectors of the
Fock-space corresponding to a low number of photons. As & approaches the value h = n,
only the events in which the original singlet state travels undisturbed in the channel (with
probability n2") are selected, thus restoring the original correlation. We then analyze the
effects of this measurement scheme in the visibility of the fringe pattern in Fig.4.8. We
note that this quantity increases with a slower rate with respect to the OF apparatus. Dif-
ferently from the O-filtering case, on each spatial mode the zones of the Fock space in
which ng —my is small are not filtered out, and the increase in the visibility is then much
slower with the threshold . However, also with the TD apparatus the visibility reaches
asymptotically the unitary value, since as said for a threshold 7 = n only the original
singlet state, having unitary visibility, is detected.

The analysis carried in this section then shows that both the OF and the TD detec-
tion strategies can be used to enhance the fringe pattern visibility in lossy conditions for
the singlet spin-75 states. A comparison between the two schemes shows the better en-
hancement achievable with the OF device. In Sec.4.4.4, we shall discuss in details the

(4.16)
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feasibility of a CHSH test with such measurements.
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Figure 4.7: Effect of the Threshold detection technique on the fringe pattern foran =51
singlet state. (a) Transmittivity 11 = 0.3 and (b) transmittivity 1 = 0.5. As the threshold
h on the total photon-number is increased, the fringe patterns progressively return to have
approximately a linear dependence from the phase 0, as for the original n = 51 singlet
state. The values of the thresholds are indicated in the figure.

4.4.4 Investigation of non-locality with a CHSH-type inequality

In the previous paragraphs of this Section we reported the interference fringe pattern
obtained evaluating the correlations between singlet spin-5 states both in absence and
in presence of experimental imperfections. The scheme here presented can be exploited
to perform a CHSH test [CHSH69] to investigate non-local effects in these multiparticle
states.

Let us briefly summarize in the light of a local hidden variable (LHV) theory the
content of Bell inequalities for a set of dichotomic observables, by generalizing further the
results already obtained by Reid et al. [RMDO02]. Consider a quantum state described by
the density matrix P defined in the Hilbert space .7 ® .. Define O, the positive operator
acting on subspace .71, and the probability of finding the value i after the measurement
a as given by Tr [p(0!, ® I)]. The same relation holds for the positive operator O acting
on subspace .7%3.

The existence of a LHV model implies that the expectation values of the a and b are
predetermined by the value of the parameter A: {X,, X, X, X}y }, hence the product a-b
is equal to X,(A)X,,(A). For a fixed value of A the variables X,, with n = {a,b,d’,b'} take
the values —1, 1 and satisfy the CHSH inequality:

X)X (1) + X (A)Xir () + X (R)Xp () — X (R) Xy (A) <2 “.17)

The same inequality holds by integrating this equation on the space of the hidden variable

(A):
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Figure 4.8: Trend of the visibility for the singlet spin states for n = 80 and 1 = 0.05. The
black straight curve corresponds to the TD detection scheme, while the red dashed line to
the OF apparatus. In both cases, the success probability is calculated as the sum of the
rate for the two conclusive outcomes (+1) and (-1).

/Q dP(A)X, / dP(A)X.(A)Xy(A) +

/ dP(A) X, (A / dP(A) X, (1) Xy (1) <2
Q
(4.18)

where P(A) is the measure of the A probability space. If there is a local hidden variables
model for quantum measurement taking values [—1,+1], then the following inequality
must be satisfied by the measured mean values:

Scusi = EP (a.b) + EP(a.b) + EP(a ,b) —EP(a b)) <2 (4.19)

where EP (a,b) can be expressed as a function of the LHV as EP (a,b) = [ X4 (A)Xp(A)dP(A).
The violation of (6.23) proves that a LHV variables model for the considered experiment
is impossible.

In our case, the positive operators OA; () 2T€ given by the dichotomic measurement

operators {T,ﬁi) 0), F,Ej,i) (O)} In order to theoretically investigate the feasibility of

a CHSH test on the spin-7 states, we evaluated the Scysy parameter in such system.
The value of the Scysy has been numerically maximized over the measurement angles
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{6,6", 0,0} of Alice’s [a(68) ora’(8')] and Bob’s [b(¢) or b/ (¢')] the polarization basis.
In Fig.4.9 we report the results obtained for different values of the number of photons,
and hence the spin, of the analyzed state. We observe the decrease in the absolute value
of SE’;;LQH analogously to what reported in [RMDO02, BBB"08] for an equivalent Bell’s
inequalities test. However, the asymptotic behavior for high n shows that the parameter
Scusu never falls below the classical limit, but the amount of violation progressively
becomes smaller and any decoherence process may forbid its experimental observation.

2.8+

0 2 4 6 8 10 12 14 16
n/2 singlet state

Figure 4.9: Value of the CHSH parameter S‘C"g}S)H for singlet spin-5 states for an optimal
choice of the angle settings and the dichotomic “majority-voting” measurement. We ob-
serve the progressive decrease in the amount of violation for an increasing value of the
number of photons present in the state.

We now discuss the feasibility of a Bell’s inequality test when the OF and the TD
detection methods are adopted in the context of Local Hidden Variables (LHV) models.
This analysis is motivated by the increase in the visibility obtained with this measurement
operators with respect to the pure dichotomic case. Both strategies present the POVM fea-
ture of having three possible outcomes {—1,1,0}, at variance with a genuine dichotomic
measurement. In order to clarify the validity of a Bell test in presence of such kind of
POVM’s, let us consider the case in which at the A site a standard dichotomic measure-
ment is performed, while at the B site a POVM measurement is carried out.

Consider the outcomes for which the Bob’s results are different from 0. In this case
the expectation value of the product of a and b is conditioned by the event: “outcome b



90Macro-Macroscopic quantum systems based on high gain spontaneous parametric down-conversion

different from zero”. In a LHV model these conditional expectations are represented by:
EP(a-b) = / Xa(M)Xp(A)dP (M) (4.20)
Q

where Q is the hidden variable probability sub-space for which, for any X;y(4), is
X,(A) # 0 and dP' = dP/ [ ydP. Similarly:

EP(a-b) = /Q Xa(M)Xy(A)dP" (1) 4.21)

where Q" is the hidden variable probability sub-space for which, for any X;, (1), is Xy (1) #
0 and dP" = dP/ [ »dP. Since for different random variables X, and X}, these condi-
tional expectations values can in principle refer to different subensembles Q' and Q” of
the original ensemble €, in general the equation (6.22) doesn’t hold any more and the
measured quantity, based on the detection of conditional values, is:

| AP ()Xa()Xp(A) + [ dP'(A)Xa (A)Xp(A) +

[ AP QXX ()= [ dP' ()X ()X (2)
(4.22)

Let us consider the class of LHV models such that, for a fixed value of A, simulta-
neously is: X,(A) # 0,X(A) # 0. In this case the inequality (6.21) still holds since it
becomes:

dP* ()X (A)Xp(A) + [ dP*(2)Xa(A) X (R) +

Qx Qx

L, M Xa(R)Xp(A) = | dP(A)Xer(A)Xy (A) <2
(4.23)

where Q* is the hidden variable probability common subspace for which X;,(A) # 0 and
Xy (1) 0.

With reference to our experimental situation, let us now make an auxiliary assumption
implying that the probability of rejecting a measurement does not depend on the hidden
parameter A and on the measurement settings, i.e. Q' = Q" = Q* [AKO03]. In this case
the experimentally observed quantity (4.22) will follow the LHV inequality (4.23), and
its violation implies the non-locality of the considered system. While for what concerns
the OF based strategy this assumption on the LHV is a strong one, in the TD case it is
legitimated by the fact that the Hilbert subspace leading to a conclusive outcome is invari-
ant under any rotation of the polarization basis since data are excluded depending only on
the overall number of photons. In other words, when an event leads to a (+1) outcome
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for a specific choice of the measurement basis, it would correspond to a conclusive out-
come if measured in another basis. This scenario is exactly the same encountered in any
two-photon Bell inequality test and hence requires a fair sampling assumption.

To conclude the discussion, we briefly analyze the advantages of the two POVM
schemes presented here in terms of the achievable violation of the CHSH inequality
Scusy — 2. In the OF case, we expect that the fast increase in the visibility may lead to
an increase in the amount of violation with respect to the pure dichotomic measurement.
In the TD case, as already discussed in the previous section, the effect of the threshold
h is the restoration of the original correlations present in the |y, ) state before the lossy
channel. This means that the value of the Scysy parameter reaches for 7 = n the maxi-
mum value S'CV;QS?H, reported in Fig.4.9, and the amount of achievable violation becomes
practically negligible for large n.

4.4.5 Spontaneous Parametric Down Conversion: interference fringe
pattern

The following step of our theoretical analysis is the investigation on the interference fringe
pattern obtained by the process of spontaneous parametric down conversion exploiting the
dichotomic measurement schemes presented in Sec.4.3. As already stressed in Eqs.(4.1-
4.2), this optical source generates a quantum superposition of the singlet spin-7 states.
We performed the same calculation of Sec.4.4.3 in order to analyze both the form of
the interference fringe pattern and the trend of the visibility when the two dichotomic
measurements (OF and TD) were exploited at the detection stage.

We then report in Fig.4.10 the form of the fringe pattern for the SPDC output state in
presence of losses, with g = 2.5 and n = 0.5. Analogously to what observed for singlet
spin states, the effect of the two measurement devices is different. On one side, the O-
filtering technique is responsible for a smoothing of the fringe pattern tails, while on the
other side, the Threshold Detector leaves the form of the fringe pattern unaltered.

To conclude the analysis of this section, we report in Fig.4.11 the trend of the visibility
of the fringe pattern as a function of the success probability of the two dichotomic mea-
surement devices. A comparison between the technique shows the faster increase of the
visibility in the OF case (Fig.4.11-(a)) with respect to the TD one (Fig.4.11-(b)) The cost
of this faster increase in the visibility is a loss in the universality of the device, since the
Threshold Detector selects a regions of the Fock space which is invariant under rotations
of the polarization basis, at variance with the O-filter.
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Figure 4.10: Fringe pattern in presence of losses for the SPDC output state with the two
different analyzed dichotomic measurements. In all curves, g = 2.5 and n = 0.5. (a)
Normalized fringe pattern with the O-filter device for different values of the threshold
k. The three curves correspond to a filtering signal of P(k = 12) = 0.116 (black straight
curve), P(k = 24) = 0.014 (red dashed curve) and P(k = 36) = 2.07 x 10~ (green dot-
ted curve). We note the increase in the smoothing of the minimum of the fringes. (b)
Normalized fringe pattern with the TD device for different values of the threshold /. The
three curves correspond to a filtered signal of P(h = 12) = 0.328 (black straight curve),
P(h=24) =0.068 (red dashed curve) and P(h = 36) = 1.07 x 10~3 (green dotted curve).
We note that the form of the normalized fringes is left unchanged by the TD device.
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Figure 4.11: (a) Visibility of the fringe pattern as a function of the success probability
(ﬁ,ﬁ*;,'j (k)) + <F,§_ﬂ]ﬁ (k)) for the SPDC states analyzed with the OF device. (b) Visibility

of the fringe pattern as a function of the success probability <T7£J,r&) (h)) + <T,§;P (h)) for
the SPDC states analyzed with the TD device. For both curves, g = 2.5 and n = 0.05.
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4.5 Experimental observation of correlations in high gain
SPDC

In order to complete our analysis on the correlations connecting a macro-macro state ob-
tained via high gain optical parametric amplification, we have experimentally investigated
the conceptual scheme presented in the previous sections. We have generated a multipho-
ton state through an EPR source and we have performed dichotomic measurement via
O-Filter (OF) and Threshold Detector (TD) upon it. In this section we report the exper-
imental interference fringe patterns observed for the spontaneous field generated by the
high gain OPA working in a non collinear configuration. As a first step we shall character-
ize the OPA in a high gain regime, by evaluating the non linear gain of the amplifier and
by reporting the generated field fringe pattern visibility as a function of the gain. Then,
we shall investigate the features of the multiphoton field through the two measurement
strategies studied in Sec. 4.3.

Let us now describe the experimental setup shown in Fig.4.12. The excitation source
was a Ti:Sapphire Coherent Mira mode-locked laser amplified by a Ti:Sapphire regener-
ative RegA device operating with repetition rate 250 kHz. The output beam, frequency-
doubled by second-harmonic generation, provided the OPA excitation field beam at the
UV wave-length (wl) A = 397.5 nm with power 600 mW on mode kp.The SPDC source
was a BBO crystal cut for type-II phase-matching, working in a non-collinear configura-
tion [KMW195], in a high gain regime. The evaluated non linear gain is g = 3.49 4-0.05
corresponding to the generation of an average number of photons per mode of 77 ~ 270
per pulse, corresponding to an overall average value of (n) ~ 540 on each spatial mode.

The multiphoton fields on modes k4 and kp were filtered by 1.5 nm interferential
filters (IF) and coupled by single mode fibers. The signals were then attenuated, analyzed
in polarization and detected by single photon SPCM detectors (not shown in Fig.4.12).

In order to characterize the source, we performed a set of preliminary measurements
exploiting a SPCM detector on both spatial modes, deliberately attenuating the gener-
ated in order to have only few photons incident on the detector. First, we measured the
non-linear gain of the amplifier studying how the detected signal is increased by varying
the power of the incident pump beam on the crystal. In Fig.4.13 we report the counts
registered on mode k4 by a SPCM detector as a function of the normalized UV power
signal. The evaluation of the NL-gain has been performed as shown in Ref.[EKD*04],
and, as said, we found g = 3.49 £0.05. As a further investigation on the multiphoton
field features, we registered the coincidences between the signals on mode k4 and kp, as
a function of the phase ¢, that represents the variation of the polarization analysis basis
on Bob site, i.e. Ty = iy + ¢'?7ty. Both fields are detected by two SPCM at Alice’s and
Bob’s sites. Again, the signals were attenuated in order to have few photons incident on
the detectors, in order to work in a linear response regime for the SPCM. The visibility of
the obtained fringe patterns as a function the NL-gain is shown in Fig. 7.7. As stressed
in [EKD™04], the trend of visibility decreases as the gain increases, this is due to losses
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Figure 4.12: Experimental setup for the generation and detection of a bipartite macro-
scopic field. The high laser pulse on mode kp excites a type-1I EPR source in the high
gain regime, i.e. g = 3.5. The two spatial mode k4 and kp are spectrally and spatially
selected by interference filters (IF) and single mode fibers. After fiber compensation
C, the two modes are analyzed in polarization and detected by four photomultipliers
(Pa+,Py—,Ppy,Pp_). The signals are then analyzed electronically to perform either the
threshold dichotomic detection described in the paper or the Orthogonality filtering detec-
tion technique. Finally, the coincidences between the measurement outcomes are recorded
to obtain the desired interference fringe patterns.

and to limited detectors photon number resolution. The decrease of visibility below the
theoretical asymptotic value of 33% is due to the multimodal operation of the amplifier,
although, differently from what is reported in [EKD"04], we observe a value of visibility
that remains above 15% as far as the NL-gain reaches the value of 3.5, while in [EKD " 04]
the visibility seems to fall below 15% for gain values higher than 2.

4.5.1 Non-collinear SPDC analyzed with the Orthogonality Filter

In this Section we report the observation of the fringe patterns obtained by the O-Filtering
measurement strategy illustrated in Sec.4.3-A.

The multiphoton fields at Alice’s and Bob’s site are analyzed in polarization and detected
by two photomultipliers (PMs), (Ps-, P4 ) and (Pp., Pp—) respectively. This devices pro-
duce on each pulse a macroscopic output electronic current, whose amplitude is linearly
proportional to the number of incident photons.

Let us fix the polarization analysis basis at Bob’s site: the PMs provide the electronic
signals (If,lé ) corresponding to the field intensity on the mode kp associated with the
T—components (7+, 7_) respectively. By the OF, shot by shot the difference signals
:l:(Ifi — IP) are compared with a threshold £k > 0, where & is a constant describing the
response of the photomultipliers. When the condition (If —18) > £k is satisfied, a stan-
dard transistor-transistor-logic (TTL) electronic square-pulse Lp is realized at one of the
two output ports of OF. Likewise, when the condition (18 — If) > Ek is satisfied, a Lj
TTL pulse is realized at other output port of OF. The PM output signals are discarded for
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Figure 4.13: Experimental evaluation of the amplifier NL-gain: we report the counts of
an SPCM detector on mode k, versus the normalized UV power, defined as Ly, /Imax. The
red curve reproduces the best fit of the experimental data, the expected trend function is
reported in [EKDT04].

—&k < (I8 —IB) < &k, i.e. in condition of low state discrimination. By increasing the
value of the threshold k an increasingly better discrimination is obtained together with a
decrease of the rate of successful detection. The same measurement strategy is adopted at
Alice’s site, where the output TTL signals (L4, L} ) are generated. The fringe patterns are
obtained by the following procedure: the analysis basis at Alice’s site is kept fixed while
the basis at Bob’s site is varied through an adjustable phase delay given by a Babinet-
Soleil compensator. Finally the coincidences between the TTL signals at Alice’s and
Bob’s site are taken into account, namely (La,Lg),(La,Ly), (Ly,Lg),(L},Ly). We report
in figure 4.15 the corresponding fringe patterns obtained in the {7}, 7_} basis, analogous
results are observed in the {7, 7. } and {7y, 7y } basis, due to the irrotational invariance
of the generated multiphoton state. The threshold k was set so that the percentage of data
taken into account was 2 x 1073 of the overall sample.

For sake of completeness we report the trend of visibility as a function of the OF
counts in Fig.4.16. We observe an increase of visibility as the counts detected decrease.
The highest visibility obtained is not enough to violate the CHSH inequality, due to the
inefficiency of a dichotomic measurement performed on a multiphoton quantum state and
to experimental imperfections. However, in accordance with theoretical predictions, we
observe that the OF technique allows to minimize losses effects.
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Figure 4.14: Experimental trend of the visibility as a function of the NL-gain.

4.5.2 Non-collinear SPDC analyzed with threshold detection

A further investigation on the macro-macro correlation has been carried out by perform-
ing another dichotomic measurement on the amplified states on modes k4 and k. The
signals detected by the photomultipliers (P4, Ps—) and (Pp,Pg_) enter into two thresh-
old detectors (TD), that performs the shot by shot measurement illustrated in Sec.4.3-B.
Each TD works as follows: the PMs electronic signals (12,18) ((F,I?)) corresponding
to the field intensity on the mode kp (k,4), associated with the 7—components (7, 7 _)
respectively, enter into the TD. By it the sum signals &=(1% +I8) (£(I4 4+ 14)) are com-
pared with a threshold {4 > 0 . When the condition (12 +18) > Eh and 12 — 18 > 0
((Ij‘; +Ii‘) > Eh and Iﬁ*r —I4 > 0) is satisfied, a standard transistor-transistor-logic (TTL)
electronic square-pulse Jp (J4) 1s realized at one of the two output ports of TD. On the
other hand when the condition (I8 +18) > Eh and 1B — 18 >0 ((I4 + 1) > Eh and
A — Iﬁ > 0) is satisfied, a standard transistor-transistor-logic (TTL) electronic square-
pulse J5 (J}) is realized at the other output ports of TD. Finally the coincidences between
signals (Ja,JB),(Ja,J3), (Jx,JB), (J1,J5) are registered by a coincidences box. The ob-
tained fringe patterns corresponding to a detection probability equal to P = 1.6 x 1073
are shown in Fig.4.17. Finally, a study on the obtained visibility as a function of the frac-
tion of considered data has been carried out. We report in Fig.4.18 the trend of visibility
versus TDs counts.
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Figure 4.15: Fringe patterns obtained by filtering on the difference of the signals. The
main visibility is 0.67 £0.02. Coincidences have been normalized to the product of the
signals detected on each of the analyzed outcomes of the OF.
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Figure 4.17: Fringe patterns obtained by filtering on the sum of the signals. The main
visibility is 0.49 £0.02.
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tinuous red line) has been renormalized (dotted green line) respect to the maximum
reached visibility value.
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4.6 Observations and conclusions

In this chapter we have reported a deep analysis on the possibility of observing quantum
correlation on a multiphoton quantum system by performing probabilistic dichotomic
measurements. We have addressed a specific class of multiphoton states: the ones ob-
tained by the high gain optical parametric amplifier working in a non-collinear configu-
ration. To this end we have introduced two kind of dichotomization processes, based on
the O-Filtering procedure discussed in the previous chapter and on a threshold detection
scheme. It has been demonstrated that these two detection schemes reduce to a simple di-
chotomic measurement when their characteristic thresholds are set to 0. We have shown
that such dichotomic measurement when performed on 3-spin states with increasing n,
asymptotically allows in the ideal case the violation of CHSH Bell’s inequality even for
large n. The shape of correlation functions has been investigated, and we have shown
that the sinusoidal correlation pattern, typical of an %-spin state, tends asymptotically to
a triangular form, proper to classical correlations. When losses and decoherence are in-
troduced the visibility of the correlation pattern is lowered and its shape turns out to be
sinusoidal. In presence of losses, the violation of CHSH Bell’s inequality is not allowed
by a dichotomic measurement and more complicated detection schemes are required. We
then discussed in terms of LHV models the feasibility of a CHSH test with the two prob-
abilistic measurements presented in this chapter.

Finally, we have shown experimentally that the measurement performed by the prob-
abilistic dichotomic schemes, the O-Filter and the Threshold Detector, allow to obtain
higher visibility of correlation functions, not enough to violate CHSH Bell’s inequality,
but effective to reduce losses and decoherence effects. An open question concerns the
existence of entanglement criteria able to demonstrate the presence of entanglement in a
’macro-macro” scenario, and the possibility of adopting the measurement devices intro-
duced in this paper within such context.
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Figure 4.19: Conceptual scheme of the present work: in this part the colored boxes will
be addressed. The problem of quantum-to-classical transition will be exploited in strict
relation with the possible manipulation of multiphoton quantum states. This can be per-
formed by an ultrafast optical shutter experimentally realized and tested on multiphoton
coherent states.

In this part the quantum-to-classical investigation problem already mentioned in the
second part will be addressed from a different point of view: from chapter 4 it turns out
that the main problem of studying quantum properties of multiphoton state resides into
the measurement process. In chapter 6 a possible manipulation of multiphoton states
in order to extract the maximum available information about them will be investigated.
The shown manipulation protocols make use of an ultrafast optical shutter experimentally
realized and tested on multiphoton coherent states which will be addressed in chapter 5.



104



Chapter 5

Polarization preserving ultra fast
optical shutter

In this chapter we present the realization of an ultra fast shutter for optical fields, which
allows to preserve a generic polarization state, based on a self-stabilized interferometer.
It exhibits high (or low) transmittivity when turned on (or inactive), while the fidelity of
the polarization state is high. The shutter is realized through two beam displacing prisms
and a longitudinal Pockels cell. This can represent a useful tool for controlling light-atom
interfaces in quantum information processing, and can be used for the manipulation of
the multiphoton states realized by optical parametric amplification processes, introduced
in part II.

5.1 Optical shutters

In quantum information framework, the ability to perform fast-switching of an optical
field can have different, useful applications. On one hand, preparation of multi-photon
entangled states, as the ones addressed in the previous chapters, by optimized measure-
ments and feed-forward operations can lead to innovative QIP protocols. On the other one,
the coupling of mesoscopic field and Bose-Einstein condensate has been recently investi-
gated [DSVC10], and, as we will see in the following part, requires the implementation of
optical shutters able to switch in a very fast time,while preserving the quantum state and
exhibiting a high extinction value. Since the content of information is usually encoded
in the polarization degree of freedom of the field, the switching device should be able to
preserve any polarization state of the incoming radiation. Hence a shutter device based on
a fast-pockels cell, as the one developed by Ref.[GSLD02, PWT'07, VPMMO8], com-
bined with a polarizing beamsplitter would destroy the carried information.

An alternative solution based on an acousto-optic modulator requires a longer activation
time and leads to an intensity of the diffracted beam between 0% and 60%, while the zero
order contribution is always higher than 15%. In this chapter we present the realization
of an ultra-fast shutter for optical field, which preserves a generic polarization state and
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exhibits a high transmittivity. The shutter, based on a self-stabilized interferometer, is
realized through two beam displacing prisms and a longitudinal Pockels cell (PC). This
can represent a useful tool for controlling light-atom interfaces in quantum information
processing, and to manipulate the multiphoton quantum states introduced in the first part
of this thesis, as we will explain in the following chapter.

(1) CELL OFF

beam displacing Pockels beam displacing
prism cell prism A2 WP
a
% A% -] I
. |
H H c!

(2) CELLON

v H II—>
b
H A\

Figure 5.1: Experimental scheme of the shutter: (1) when the shutter is off the two beams
separated by the two calcites are stopped by the pin-hole (modes a and c¢). (2) On the
contrary when the shutter is on the two beams are recombined on the second calcite and
the resulting beam (mode b) passes through the pin-hole.

5.2 Shutter working principles

Let us sketch the working details. Calcite beam displacing prism is used to separate an
input beam into two orthogonally polarized output beams. Before passing through a sec-
ond calcite prism these are manipulated in a PC with optical axis oriented at 45°(Fig.
5.1). When the PC is off (Fig. 5.1-(1)) it leaves the polarization state unperturbed and the
beams are further separated in the second calcite . In this situation the shutter is off, and
the output beams on modes a and c¢ are stopped by a pin-hole. On the other hand, when the
cell is on, the PC driving voltage is set to induce a A /2 phase shift between the ordinary
and extraordinary components and it can be activated in a short time (¢ < 10ns) by an ex-
ternal TTL signal. In this way the transformation 71:_>H & 7?V> is implemented. Then the two
orthogonally beams are recombined spatially and temporally in the second calcite, Fig.
5.1-(2). In this situation the output field emerges on mode b. At the end of the stage a A /2
waveplate at 45° flips the polarization of the output beam to restore its initial state. It’s
worth noting that the temporal overlap between the two beams is automatically ensured
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by the symmetry of the device: the 7r_H> polarization component of the input beam goes
through the first calcite on a straight path whereas the 7?\/> component’s path is deviated.
At the exit of the first calcite the two orthogonal polarization components are separated
by a distance d = 4mm, the PC exchanges them and in the second calcite they are recom-
bined by virtue of the fact that they have experienced the same overall path deviation.
The present device can be adopted with ultra short pulses ( 200fs). We note that this sys-
tem is also stable in phase. Indeed the two orthogonally polarized beams are subjected
to the same phase fluctuations since they propagate along parallel optical paths and share
the same optical mounts. The phase difference between the two beams can be finally
controlled by tilting the second calcite [OPW103].

Let us now analyze the action of the shutter on an input quantum state | @) with generic
polarization ?(p — oy + B?V, where (o, B) are complex numbers satisfying |oc|* +
1B \2 = 1 and 7y and 7y stand for horizontal and vertical polarization, respectively. The
evolution of |@) is investigated by looking to the Heisenberg dynamic of the creation
operator associated to the spatial mode ¢ with polarization ?(p : 51,, = OC?L + ﬁ?f, After

the first calcite the operator becomes (e4! aEL + et /335) where y; and ), are the phase-
shifts induced on the two orthogonal polarizations due to their different optical paths.
When the Pockels cell is switched, the operator evolves into : (e/X! aE;(, + ek BZL), and
the output state results after the recombination in the second calcite: eix(aE‘T, + ﬁBL),
where ¥ = 1 + X». Finally, after the %—waveplate, we obtain the same polarization state
as the input one o@;l + BE‘T, On the contrary, if the cell is off, the total operator becomes
(e oc?;{ + eiz%Z[)’Zi‘T,), and, in this case, the initial polarization state is lost. We note
that this scheme can be adopted in all the visible range by changing the PC voltage and
by exploiting the spectral operating range (from 350nm to 2.3um) of the optical grade
calcite of the displacers.

The adopted electro optic cell, Lasermetrics Series 1042, was composed by the series
of two longitudinal PC of same length 35mm, powered by a high voltage of 3200V to
produce a A /2 shift on the incident polarization and driven by the circuit reported in
Fig.5.2. The problem of realizing a fast electronic circuit transforming a TTL signal into
a calibrated fast pulse in the kV range was solved by a solid state switch HTS 50-08-UF,
characterized by a very low jitter and a lifetime typical of semiconductor devices. The
switch is triggered by a positive going pulse of 2 to 10 volts amplitude and generates the
signal shown in Fig.5.3. The pulse remains constant for a time window of almost 10ns
and decays exponentially within 500ns.

The time duration of the driver pulse has been chosen to satisfy two criteria: (a) re-
duced low-frequency components and (b) suitable activation time window. (a) The KD*P
crystal suffers the piezoelectric effect: when excited by a long high voltage pulse an
effective coupling is introduced between the corresponding low frequency spectral com-
ponents and the acoustic phononic modes of the crystal. The corresponding strain causes
a mechanical damped oscillation of the crystal for a time duration longer than the ultra
fast activation time of the shutter. This effect due to the polarizability of the Pockels cell
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Figure 5.2: Electronic driver of the
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is harmonically modulated. Hence, the shutter is periodically reactivated and several sub-
sequent pulses are partially transmitted. In order to eliminate this effect an ultra-short
activation pulse is required [BB06]. (b) The electronic jitter of the driver circuit, almost
1 —2ns, gives a lower limit to the time activation window.
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5.3 Experimental Characterization

We describe now the experimental characterization of the shutter device. We used a pulsed
laser source centered at 800nm with a repetition rate of 250kHz and a bandwidth of
1.5nm, selected before the shutter by two interferential filters . A A /2 waveplate (WP)
and a polarizing beam splitter (PBS) allowed to vary the polarization of the input beam
on the first calcite (fig. 5.4). A second %-WP and a PBS realized the polarization analysis
of the output beam, which was detected by a photodiode (PD).

Cell OFF
Cell_ON
Pockels cell ﬂ
wp ] % K
] et raerranas I....k
- " 5
PBS Calcite 1 Calcite 2 WP _
PBS

PD&

Figure 5.4: Experimental setup. A PBS and a A /2 waveplate allow to vary the polarization
of the input beam. A second PBS and A /2 waveplate analyze the polarization state of the
output beam b. The signal is detected by a photodiode (PD).

The PC was activated via the circuit above described (fig. 5.2). For different values of
the frequency of the TTL trigger signal, we measured the fidelity .%oy of the polarization
state when the PC was on, the transmittivity py and the transmittivity Zprr when the
shutter was on and off respectively:

0
Fon = ONIi NON (5.1
ION 419
P oV +13N -
oN = T (5.2)
. B IOFF IgFF .5
OFF = —IIN (5.3)

where IOV (I9FF) stands for the measured intensity on spatial mode b with polariza-

tion state 7; equal to the input one when the PC is (is not) activated. Ii‘iN (Il.(iF Fy stands for
the measured intensity of the analyzed polarization state 7} perpendicular to the input
one ?i. Iy stands for the incident intensity on the shutter. For a trigger signal frequency
equal to 1kHz we found the following results:
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Polarization | Zon (£0.001) | Jon (£0.001) | Jopr (£0.001)
T 0.956 0.991 0.0025
T 0.956 0.991 0.0025
Ty 0.998 0.991 0.0050
n—’v 0.998 0.991 0.0020
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Figure 5.5: Transmittivity for an input state with polarization {7, ,7_} and {7y, 7y }
measured with a frequency of the trigger equal to 1 kHz.

The transmittivity obtained with the shutter off gives an estimation of the extinction
power of the shutter. The mean transmittivity in this case was Jppp = 0.003. In order
to verify the absence of the piezoelectric ringing effect we report in Fig.5.5 the transmit-
tivity of the shutter as a function of time. After few ws the transmitted signal is reduced
by a factor of 100, leading to the transmission of one pulse once activated and the ex-
tinction of the subsequent pulses. When the shutter was on we obtained a mean fidelity
Fon = 0.998 for 7r_H> and 7?V> polarizations, and .%oy = 0.956 for 7r_+> and T polarizations.

We observe at last that the increase of the repetition rate causes an increase of trans-
mittivity Jopp and a decrease of fidelity .#gn (fig.5.6). Indeed for high repetition rate
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Figure 5.6: Fidelity of the polarization state in the {7, 7_} and the {7y, 7y } basis versus
the frequency of the trigger signal.

values, the time interval between two following trigger signals is shorter than the PC re-
covery time. By varying the frequency of the trigger signal, we have at last studied the
fidelity in the two polarization basis: {7r—H>, 7?V>} and {7r—+>, 7r—,>} We report the experimental
results in fig. 5.6. The fidelity values for the states (7+77_) are lower due to the in-
terferometric feature of the device, however an average fidelity value as high as 97% has
been observed with the present scheme.

5.4 Observation and conclusions

In conclusion, we reported the experimental realization and characterization of a ultra
fast shutter for optical field, based on a self-stabilized interferometer, which preserves a
generic polarization state with high fidelity and exhibits a high contrast operation. This
device can have direct applications in the context of measurement induced quantum oper-
ations.

In next chapter its action will be exploited for the theoretical analysis of conditional mea-
surements performed on multiphoton states. In that context the shutter activation will be
driven by a measurement performed over a small portion of the overall macro state.
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Chapter 6

Measurement induced quantum
operations on multiphoton states

In this chapter we investigate how multiphoton quantum states obtained through optical
parametric amplification can be manipulated by performing a measurement on a small
portion of the output light field. We study in details how the macro-qubit features are
modified by varying the amount of extracted information and the strategy adopted at the
final measurement stage. At last the obtained results are employed to investigate the
possibility of performing a micro-macro non-locality test free from auxiliary assumptions.

6.1 Measurements induced protocols with multiphoton
states

The possibility of performing quantum operations in order to tailor quantum states of
light on demand has been widely investigated in the last few years. Several fields of re-
search have been found to benefit from the capability of generating fields possessing the
desired quantum properties. Non-classical states of light, such as sub-Poissonian light
[FiuO1], squeezed light [HMD*06, GAFT06] or the quantum superposition of coher-
ent states [OJTBG07a, OFTBGO09], have been generated in a conditional fashion. In
this context, continuous variables (CV) quantum information represents one of the most
promising fields where conditional and measurement-induced non-Gaussian operations
can find application. To this end, quantum interactions can be induced by exploiting lin-
ear optics, detection processes and ancillary states [FMAOS]. For example, the process
of coherent photon-subtraction has been exploited to increase the entanglement present in
Gaussian states [KTSC06, OJTBGO07b] and to engineer quantum operations in traveling
light beams [Fiu09]. Finally, very recently conditional operations lead to the realiza-
tion of different schemes for the implementation of the probabilistic noiseless amplifier
[FBB*10, XRL*10, ZFB10], which can find interesting application within the context of
quantum phase estimation [UMW*10].
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Strictly related to the problem of engineering quantum states of light for applica-
tions to Quantum Information, there is the one of beating the decoherence due to losses
which affect quantum resources interacting with an external environment. In the last
few years a large investigation effort has been devoted to the decoherence process and
the robustness of increasing size quantum fields, realized by non linear optical methods
[DS05, NDSDO7, DSV08, DSS09a]. Recently quantum phenomena generated in the mi-
croscopic world and then transferred to the macroscopic one via parametric amplification
have been experimentally investigated. In Ref.[DSV08] it has been reported the realiza-
tion of a resilient to decoherence multiphoton quantum superposition (MQS) [DSS09b]
involving a large number of photons and obtained by parametric amplification of a single
photon belonging to a microscopic entangled pair: [y~ ) = % ([H)a|lV)s—|V)alH)B),
where A, B refer to spatial modes ka,kp and the kets refer to single photon polarization
states 7T (r = H, V). This process has been realized through a non linear crystal pumped by
a UV high power beam acting as a parametric amplifier on the single entangled injected
photon, i.e. the qubit |¢); on spatial mode kg. In virtue of the unitarity of the optical
parametric amplifier (OPA), the generated state was found to keep the same superposition
character and the interfering properties of the injected qubit [De 98a, DS05, NDSDO07]
and, by exploiting the amplification process, the single photon qubit has been converted
into a macro-qubit involving a large number of photons.

In this chapter we consider several strategies for the realization of measurement-
induced quantum operations on these multiphoton states, generated thought the process
of optical parametric amplification. We investigate theoretically how the measurement
strategies, applied on a part of the multiphoton state before the final identification mea-
surement, affect the distinguishability of orthogonal macro-qubits. Such measurements
based on the discrimination of multiphoton probability distributions combine features of
both continuous and discrete variables techniques. The interest in improving the capabil-
ity of identifying the state generated by the quantum injected optical parametric amplifier
(QIOPA) system mainly relies in two motivations: the first one concerns the development
of a discrimination method able to increase the transmission fidelity of the state after the
propagation over a lossy channel, and hence to overcome the imperfections related to the
practical implementation. Such increased discrimination capability in lossy conditions
could find applications within the quantum communication context. The second reason
concerns the scenario in which an appropriate pre-selection of the macro-qubits could
be adopted to demonstrate the micro-macro non-locality, free from the auxiliary assump-
tions requested if the filtering procedure was applied at the final measurement stage. In
chapter 3 a probabilistic discrimination method, the orthogonality-filter (OF), has been
introduced and it has been successfully applied [NDSD07, DSVO0S] to an entanglement
test in a microscopic-macroscopic bipartite system. The application of the OF strategy,
acting at the measurement stage, is indeed not suitable for the demonstration of loophole-
free micro-macro non-locality because of the presence of inconclusive results [VST* 10a].
These correspond to the selection of different sub-ensembles of data, depending on the
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choice of the measurement basis. As shown by Popescu in [Pop95], the pre-selection of
data before the final measurement could encompass this problem.

Both the tasks determined above could exploit the capability to obtain at the output of the
parametric amplifier a quantum state of large size, since this scheme allows to act on a
small portion of the field in order to modify the features of the remaining part by a suit-
able selection. We consider the particular case in which a macro-state generated by the
QIOPA is split by an unbalanced beam splitter (UBS) and manipulated by measuring the
state on the reflected mode. The conceptual scheme underlying the present investigation
is shown in figure 6.1-(b): a part of the wave-function is measured and the results of the
measurement are exploited to conditionally activate an optical shutter placed in the trans-
mitted part. Such shutter, whose realization has been recently reported in Ref.[SVGT08],
is used to allow the transmission of the optical beam only in presence of a trigger event,
i.e. in this case the results of the measurement performed in the reflected part of the state.
Several detection schemes will be investigated in this chapter. In fig.6.2-I is reported the
distillation method based on the intensity pre-selection. As analyzed in more details in
section 6.2, the signal of the reflected part of the macro state is analyzed by a threshold
detector. If the measured intensity value is above a certain threshold, the shutter on the
transmitted mode is activated. This strategy allows to overcome the experimental im-
perfection related to the vacuum injection into the amplifier, and hence to distillate the
macro state from the noise belonging to the crystal spontaneous emission. In fig6.2-1I is
reported the strategy illustrated in section 6.3, based on a probabilistic discrimination of
the reflected macro-qubit part performed by the OF device. By changing the polarization
analysis basis on the reflected mode, we have investigated how the macro-state visibility
obtained by a dichotomic measurement of the transmitted state is affected. In fig.6.2-II1 is
illustrated the measurement procedure described in section 6.4, in which both the reflected
and the transmitted mode are analyzed by a probabilistic OF-based measurement. At last,
section 6.5 addresses the case in which the reflected macro qubit part is measured in two
different polarization basis, as shown in figure 6.2-1V, and the final measurement is purely
dichotomic. This measurement strategy is aimed at the realization of a non-locality test on
the micro-macro photon state, without any auxiliary assumption. However, we show that
such scheme does not allow to obtain a violation of a Bell’s inequality since the analyzed
strategy has the effect of increasing the correlations present in the micro-macro system
only in a specific polarization basis while suppressing the correlations in the other basis.
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UBS

Detection

(b)

Figure 6.1: (a) Quantum injected optical parametric amplifier (QIOPA) scheme: an entan-
gled photon pair is generated through spontaneous parametric down conversion (SPDC).
One of the two photon is amplified by a non linear crystal, realizing the optimal phase
covariant cloning of the injected qubit. (b) Scheme of the measurement-induced quan-
tum operation process. The field is split by an unbalanced beam splitter (UBS), and
reflected portion is measured to conditionally active the optical shutter placed in the path
of the transmitted portion of the field. (c) Schematic view of the single photon Bloch
sphere. The QIOPA device performs the optimal phase covariant process, hence amplify-
ing equally all photons belonging to the equator of the sphere (red line), with polarization
7_f¢ = 271/2(7_1:'[{ +€l¢7_fv).
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Figure 6.2: Measurement strategies devoted to the distillation of the macro-qubit state: (I)
the shutter activation is conditioned to an intensity measurement on the reflected portion
of the macro state; (II) the small reflected part of the macro state is analyzed in polar-
ization and detected through an OF based measurement strategy; (III) the macro state is
split in two equal parts, and both the reflected and the transmitted components are de-
tected through an OF device; (IV) a double basis measurement is performed on the small
reflected portion of the macro qubit.
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6.2 Distillation of the macro-qubit

In this section we discuss the distillation method sketched in Fig. 6.2-(I). One of the
main experimental challenge for the realization of the micro-macro system of Fig.6.1 is
the achievement of spectral, spatial and temporal matching between the optical mode
of the injected single photon state and the optical mode of the amplifier. In realis-
tic conditions, the injected micro-macro system is given by: Py = p|y )ap(y |+
(1—p)/204 ®10)p(0|, where |y )ap = % (|H)alV)p—|V)a|H)p) is the entangled sin-
glet state connecting the spatial modes A and B, generated by the EPR source in fig-
ure 6.1, and the parameter p expresses the amount of mode-matching between the seed
and the amplifier. Then in the expression of the number of photons N, (¢) gener-
ated by the amplifier when a single photon with equatorial [Fig.6.1-(c)] polarization
state |¢) is injected, the spontaneous emission has to be taken into account: Ny, (@) =
plm+ %(Zrh-l— 1)(1£cos(@))]+ (1 — p)m. When the single photon is injected correctly in
the OPA, a pulse with a higher photon number is generated since stimulated emission pro-
cesses occur in the amplifier. The distillation method here presented exploits this feature
to reduce the noise introduced by the spontaneous emission of the amplifier.

Let us now discuss the propagation of the multiphoton field produced by the amplifier
and the distillation procedure obtained through an intensity threshold detector (ID) and the
shutter device. As shown in fig.6.2-1, the amplified state is split by an unbalanced beam
splitter (UBS) 0.90 —0.10 in two parts: the smaller portion on mode Kp is analyzed by
the ID, and the larger one on mode k¢ is conditionally pushed through a polarization pre-
serving shutter [SVG™08], and measured in polarization by a dichotomic measurement.
The ID based distillation strategy allows then to obtain a better discrimination between

0.79 | o pp=0.1
IS pin=0-2
0.6 o0 .
0.5 T
2 04l Figure 6.3: Trend of the injection prob-
2’ o ability as a function of the ID threshold,
' for different initial values of p.
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Threshold

the orthogonal macro states, by minimizing the noise related to the vacuum injection into
the amplifier. It’s worth nothing that, at variance with the techniques which will be intro-
duced in the following sections, the ID action is invariant for rotation on the Fock space. It
indeed selects the same region of the macro-qubit either in the {7, 7_} basis either in the
{7ig, i} one. The action of the ID on mode kp and of the shutter on mode k¢ allows to
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distill the macro-qubit from the noise generated by the amplifier and related to the spon-
taneous emission of the crystal. In the ideal case, this measurement corresponds to the
projection of the impinging field onto the subspace: [Ty = ¥4 oy [0, mm, ) (nm,mm, |,
where |nm,mm, ) represents a quantum state with n photons with polarization 7 and m
photons with polarization 7. The measurement method is hence based on a threshold
detection scheme, in which the ID clicks only if nz +myz, > h, where A is a threshold con-
veniently selected. This click activates the shutter on the transmitted UBS mode, ensuring
the presence of the higher, i.e. correctly injected, pulses. This scheme has the peculiar
property of selecting an invariant region of the Fock space with respect to rotations of
the polarization basis. As said, the action of the ID device allows to decrease the noise
due to the vacuum injection into the amplifier since it preserves only the higher pulses,
and hence the ones that, with an higher probability, belong to the amplification process.
These considerations can be quantified in the following way. The parameter of interest
is the conditional injection probability, i.e. the injection probability conditioned to the
activation of the shutter given by the threshold condition of the ID. We then evaluated
numerically this quantity for several values of the un-conditioned injection probability p.
It turns out that the value of p.,,q 1s increased as shown in Fig.6.3, in which we report the
trend of the conditional injection probability p.,,s as a function of the ID threshold 4.

6.3 Deterministic transmitted state identification

In this section we are interested in exploiting the action of a different pre-selection strat-
egy, no more based on the intensity filtering but on a comparison between orthogonally
polarized signals. This configuration is illustrated in fig.6.2-II and is based on a peculiar
feature of the equatorial macro states. Indeed, any macro-qubit belonging to the injection
of an equatorial qubit, due to the phase covariance of the amplifier, can be discriminated
through a measurement based on a comparison. Precisely, we can measure the intensity
signals belonging to orthogonal polarization components of the same macro-state and sub-
sequently compare them above a certain threshold k. If analyzed in the same polarization
basis of the injected qubit, the two signals will be unbalanced with an high probability.
This can be explained by analyzing the probability distribution of the amplified states, re-
ported in figure 6.5: (b) in the same basis as the injected qubit one and (a) in the mutually
unbiased equatorial polarization basis.

We will address two cases in which the state generated by the amphﬁer is either |®T)
or |®F), obtained by the amplification of a single photon polarized 7, = ”H\;%”V and 7ig =

EHJFT;E", respectively. In both cases the analysis basis corresponding to the UBS reflected

mode is fixed to {7, 7}, while the transmitted mode is analyzed in the same basis in
which the injected qubit has been encoded. Let us discuss the experimental setup shown
in Figure 6.2-II. The macro-state |[®) (or |®X)) generated by the QIOPA impinges on the
UBS. A small portion of the field is reflected on mode kp and measured on the {7, ,7_}
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Figure 6.4: (a) Measurement scheme adopted for the conditional activation of the shutter:
if the OF, on the reflected mode, measures the state on the green regions, the shutter,
on the transmitted mode, is conditionally activated. The green regions correspond to the
state for which the signals belonging to orthogonal polarizations are unbalanced over a
certain threshold k, i.e. |p—¢| > k. (b) Scheme for the final detection of the output
state: Conditioned on a measurement result in the ON region on the reflected mode,
the transmitted mode is identified by a dichotomic measurement in the {7, 7, } basis.

The diagonal contribution to the quantum state is assigned randomly to the state |$") or
oy,

(b)

Figure 6.5: (a) Probability distribution of the state |®X) as a function of the number of
photons {7,,7%_} . (b) Probability distribution of the state |®%) as a function of the
number of photons {7z, 7. }.

basis. The two signals belonging to orthogonal polarizations are then compared by an
orthogonality filter (OF). When the two signals are unbalanced, i.e. |p —¢g| > k, being p, ¢
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the number of photons 7, ,7_ polarized and k an appropriate threshold, the shutter on
mode K¢ is activated and the field on that mode is conditionally transmitted (see Fig.6.4).
The macro-state |®T) (|®R)) is then analyzed in the {7, ,%_} (or {Zg, 7.} ) basis. In the
following sections we will address the problem of discriminating the final macro-state,
given the acquired information on the small portion of the reflected field.

(2) (b)

Probability

k k

Figure 6.6: (a) Probability of activating the shutter when the state |®F) is analyzed in the
{7, 7_} basis versus the threshold k of the OF. (b) Probability of activating the shutter
when the state |®7) is analyzed on the {7, 7Z_} basis.

6.3.1 Probability of shutter activation

Let us first evaluate the probability P of activating the shutter when the impinging state
is detected on the {7, ,7_} basis, depending on the value of k, with an OF technique.
As shown in figure 6.6, the probability of activating the shutter is the same for the two
output fields |@*) and |®R). This result can be explained by considering the probability
distributions of the state |®X) in the two mutually unbiased equatorial bases shown in
figure 6.5. Due to the linearity of the quantum mechanics, the state |®F) can be written
as |PF) = % (|®*) +i|®~)). Hence, due to the peculiar features of the two macro-states

|®+), that have non-zero contributions for terms with different parity, the probability
distribution of the macro-state |®%) in the {7, ,7_} basis is given as the sum of the two
probability distributions of the states |®T) and |®~) in the same basis. Since shot by
shot the OF identifies the state |®T) or |®~) with the same probability, the activation of
the shutter has the same probability of occurrence for any linear combination of |®F) and
|®") impinging on the BS.
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6.3.2 Analysis of the Macro-state |[®)

Let us analyze the evolution of the state |®™) passing through an unbalanced beam-splitter
(UBS). We start with the expression of the macro-qubit:

@) — CzZ( )(r)f (2j);!(i2!i+1)!

X120+ 1)+,2j=)p = (6.1)
() ()

The UBS transformation equations for the creation operators on spatial mode b read:

by = \/”_L'C:t +iv1—1d4+ (6.2)

where the subscript =+ refers to the polarization modes 7+ = w, and ¢’ and d refer to

the creation operators on the spatial modes transmitted and reflected by the UBS. Hence
after the UBS the output state becomes:

v EEE () ()
Oy e

2
i—1

(ﬁc,) (i\/ﬁd*)zj 0)

By applying the creation operators to the vacuum state the output state reads:

wr SEE R (L) (5) b

Qi+ D12 (i T=g)2+ 120kl (6.4)
V2i+1T=0)12j=1)! Vi
|k+,1=)al 2+ 1= k)+,(2j =) =)e

Let us now consider the case in which the reflected mode by the UBS is measured on
the {7}, 7_} basis. The state |p+,g—) is detected on the reflected mode, the transmitted
state then reads:
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o ' i =20t 142 p—
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|(2i+1—=p)+,(2j—q)—)c (6.5)

Our scope is to investigate the visibility of the transmitted mode as a function of the

unbalancement between 7, and 7Z_ photons, detected on the reflected mode. Namely, if
|p — q| > k on mode kp, what is the visibility of the state |®™)™** on mode kc?
This quantity can be quantified in the following way. Due to the peculiar shape of the
photon number probability distribution (figure 6.5-(b)), the identification of the state |®T)
can be performed by discriminating between the number of photons 7, and %Z_ polarized.
Let us define the following quantities: Pt (m,n|p,q) is the probability that, if the state
|p+,9—)a is detected on spatial mode kp, m > n is obtained on spatial mode k¢, and
hence the macro-state |®") is identified (m,n being the number of photons 7, and 7
polarized). On the contrary P~ (m,n|p,q) is the probability that, given the detection of the
state |p+,g—)4 on spatial mode kp, n > m is obtained on spatial mode k¢, and hence the
macro-state |® ) is identified, even if the initial state impinging on the UBS was |®™).
We can then derive the visibility as a function of the threshold k such that |p — ¢| > k:

Zngpq (qu+(k) _P£’Z+(k)>

Vi) =
Yo L (PRAT 0+ PR (1))

(6.6)

where P54% (k) = P=(m,n||p — q| > k). The trend of visibility as a function of k is
reported on Figure 6.7-(a). We observe that, increasing the value of k, hence detecting
a higher unbalancement between 7} and 7Z_ photons on mode kp, we obtain an higher
visibility of the state on mode k.

6.3.3 Analysis of the Macro-state |®F)
Let us consider the case in which the state |®F) impinges on the UBS:

R — CzZ( ) (ZF) \/(2j)!\/(2{:L1)!

J!
X |(2i+1)R,(2j)L)p = (6.7)

() ()

After the UBS the state can be written as:
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l
(2i+1)!(2))! (iy/1T— 1)t 1H2i—k=l (6.8)
V2i+1T=0)12j=1)! Vil
IKR,IL)c|(2i + 1 — k)R, (2j — )L)g

The state on mode Kkp is then measured in the {7 ,7_} basis. The state |(2i+ 1 —
k)R, (2j—1)L)4 can then be rewritten as:

2it1-k2j—1
[(2i+1-K)R,(2j 1)L Z Z 21+1+2] k1

\/(2i+1 k) \/(22_1) (2l+s1 _k) <2JS_ l) X (6.9)

V+)Qi+1+2j—k—1—s—r)l2iti-kor2izl=s
!(r+S)+,(21+1+2]_k_1_r_s)_>d

and the overall state reads:

@Ryour _ iz’fizzi “JZZ ( ) (:r) 11 (24 1)1(2)) 12 —kor (—)2it=s
e . :

itjt /@it L= k)N (2 — 1) k]!
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(r+8)+, 2+ 1+ 2j —k—1—r—s5)=)g|kR, IL), (6.10)

If the state on mode kp is detected : |(r+s)+, (2i+1+2j—k—1—r—s)—)g=|p+,9—)a>
the state on mode k¢ is:

Ry Cziizfz’( ) (E)ii @i+ D12))!

NN/ (I+p+q—2j)1(2j—1)!
VR plg! -0 (z+p+q—zj) <2j_l>
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T2 ()P Qi+ 142j —1— p—q)R,IL).

6.11)
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where the following conditions have to be satisfied:
p > s
2i+142j > l+p+g (6.12)
2] < l+p+gq

If the state (6.11) is measured in the polarization basis { 7ig, 7. } obtaining a state |mR, nL).,
the corresponding probability amplitude is:

o 2j—n T\ (F2i+mtntptq—1)/2 (_l-)Zj—n—s
21 (3) (5)

m!n!

J! ( 2f+'"+;+P+q—1)z Vn+tqg=2j+9)(p—s)!

1 n+p+g—2j—r

VP!q! min . T—\pig
(2j—n—s)!s!\/% (iV1-1) \/jp“]l

and the probability of measuring the state |mR,nL). is given by:

(6.13)
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The visibility of the macro-state reads:

Zngpq (qu+(k) _Prlf;:ZJr(k))
Eoun Epq (PRAT () + PR~ (1))

where P54 ™ (k) = P*(m,n||p — q| > k). Here, PR(m,n||p— g| > k) is the probability that,
given the detection of the state |p+,g—)s on mode k¢, n > m is obtained on mode kp
(m(n), number of photons polarized 7, (7_)). In this case the state |CI>R> is identified;
conversely the state |®F) is detected even if the the state |®X) impinged on the UBS.

We observe that the visibility of the state |®F) in the case in which a small portion of
the overall state is measured on the {7, ,7_} polarization basis, is a decreasing function
of the threshold k (|p — g| > k). This trend is shown in figure 6.7-(c). The decreasing
trend of visibility can be explained by considering that the measurements in the two po-
larization basis correspond to two non-commuting operators acting on the same initial

V(k) =

(6.15)
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state. Indeed, for asymptotically high values of the threshold k — o, the measurement
of the IT; operators that describe the OF tends to the measurement of the pseudo-spin
operators ;: i.e £y = |®1) (DT | — |® ) (P | or £, = |®F)(DR| — |®L)(DL|. In view of
this consideration, the measurement on the k¢ mode corresponds to the measurement of
the £; operators. The information gained on this mode about one of the two pseudo-spin
operator acting on the macro qubit does not allow to gain information about orthogonal
pseudo-spin operator. As a further remark, let us stress that this feature of the OF mea-
surement is related to the filtering of different regions of the Fock space depending on
the analyzed basis. The portion of the state that survives the action of the OF is indeed
different if measured on the {7}, 7_} basis or in the {7z, 7 } one and is shown in figure
6.8.

6.4 Probabilistic transmitted state identification

In the previous sections we have shown how the visibility of the macro qubit obtained by a
pure dichotomic measurement can be modified if a small portion of the beam is identified
by a probabilistic measurement strategy.

(a) r, .7} ‘q} _ > (b) (]
(©) {}:f } )@ I nl} |
k 4 R

Figure 6.7: (a)-(b)Trend of the visibility of the state |®*) measured in the basis {7, ,7_}
as a function of the threshold k. (c)-(d) Trend of the visibility of the state |<I>R) measured
in the basis {7+,7_} as a function of the threshold k. The numerical results have been
obtained for the value of the gain parameter g = 1.1.
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Figure 6.8: Selected region for the |®T) state after the measurement with an OF in the
{74, 7_} basis. (a) Photon number distribution in the {7, ,7_} basis. (b) Photon number
distribution in the {7g, 7. } basis.

This section addresses the trend of the macro-states visibility when the field is split in
two equal parts by a 0.5/0.5 beam-splitter and both the reflected and the transmitted states
are detected through the OF device. In this case the measurement schemes are shown in
figures 6.2-(IIT) and 6.9: the OF technique is applied in order to extract the maximum
information available from the two measured states.

We consider the case in which the portion on the reflected mode is analyzed in the
polarization basis orthogonal to the codification one. In figure 6.10 is reported the trend of
visibility as a function of the threshold k on the transmitted mode, and % on the reflected
one. The two polarization analysis basis are chosen to be mutually unbiased. It can
be seen that for equal values of the two thresholds /& = k the visibility reaches a value
around 0.64, the same obtained through a pure dichotomic measurement, without any
pre-selection procedure on the macro-state. In figure 6.11 is reported the trend of the
visibility as a function of the threshold on the reflected mode, keeping fixed the value
of the threshold on the transmitted one. We can see that the visibility of the transmitted
state decreases when the threshold on the reflected mode increases. If the threshold on the
transmitted mode is greater than the one on the reflected mode, the visibility results to be
higher than 0.64, as expected by the action of the OF, which allows a better discrimination
of the macro-state, measured in the codification polarization basis. Otherwise it can be
seen how, increasing the threshold k above the threshold 4, the visibility decreases below
the “no filtering value”.

From the analysis performed in this chapter we can conclude that the macro states are
not suitable for secure communication. The action on a portion of the state can indeed
be seen as an eavesdropping attack. If the state is measured in the codification basis,
the visibility of the final state results to increase as shown in figure 6.7-(a)-(d). This
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Figure 6.9: (a) Conditional activation of the shutter: if the OF acting on the reflected mode
measures the state on the green regions, the shutter, on the transmitted mode, is condition-
ally activated. The green regions correspond to the state for which the signals belonging
to orthogonal polarizations are unbalanced over a certain threshold k, i.e. |p — ¢| > k. (b)
Corresponding to the ON region on the reflected mode, the transmitted mode is identi-
fied by a probabilistic measurement in the {7, 7, } basis. The identification condition is
|m—n| > h.

Figure 6.10: Trend of the visibility
of the state |®F) for different values
of the threshold k on the transmitted
mode and of the threshold h on the
reflected one. The numerical result
has been obtained for a value of the
parameter g = 1.2.

Visibility

means that the conclusive results for the eavesdropper would coincide with the conclusive
results for the receiver, and the eavesdropper can gain information on the macrostates
without introducing noise. Otherwise if the state is measured by the eavesdropper in the
wrong basis, the visibility at the receiver is not affected if the state is measured above a
certain filtering threshold. According to these considerations, an eavesdropper could then
develop a strategy in which he measures its part of the transmitted state in two bases. With
this approach he could gain information on the transmitted signal by considering only the
measurement outcome in the right basis, and only a small amount of noise is introduced
by keeping the filtering thresholds above a certain value. Related to the security of the
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macro-states is the possibility of performing a non-locality tests upon them. We will
address this problem in the following section.
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6.5 Pre-selection for entanglement and non-locality tests

In this section we shall investigate a pre-selection scheme based on a conditional operation
driven by the measurement of a portion of the multiphoton state in two different polar-
ization basis. The setup of this pre-selection scheme is reported in fig.6.2-IV. A small
portion of the generated multiphoton state is reflected by an unbalanced beam-splitter of
transmittivity 7 = 0.9 and subsequently split by a 50/50 beam-splitter in two equal parts.
One of the two parts is measured in an equatorial {7ig, g, } basis by two photomultipliers,
and the photocurrents {Ig,lg, } are analyzed by an O-Filter device [Fig.6.4]. The other
part undergoes the same measurement process in a different equatorial basis {7g/, ﬁﬁl }.

When the threshold condition |I; — I L| > k [Fig.6.4] is realized in both branches,
measured respectively in the polarization basis {7g, g } and {7g/, 7g; }, a TTL elec-
tronic signal is sent to conditionally activate the optical shutter placed in the optical path
of the remaining part of the multiphoton state. Then, the field is analyzed at the mea-
surement stage with the dichotomic strategy discussed in the previous paragraphs. For
this pre-selection method, the relevant parameter is the angle ¢ between the two bases
{7, 7tg, } and {7/, Ttg, } in which the small portion of the beam is analyzed. The angle
¢ is defined according to the relations between the two polarization bases:

Ry = % lcos (g) 75 —1sin @) 7%} (6.16)

ﬁﬁi = gl% [—zsin (%) 7tg + cos (g) ftﬁl} (6.17)
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Let us begin by analyzing the trend of the visibility of the fringe pattern obtained by
varying the equatorial polarization 7, of the injected single-photon state in the amplifier.
More specifically, we analyze how the visibility changes as a function of the angle ¢ be-
tween the two bases of the pre-selection branch. In Fig.6.12 we show the numerical results
obtained by calculating the visibility according to the standard definition V = % In
this case, the visibility is evaluated according to the following expression:

S Pa | (11 =T, | > ) O (g Iy | > K)] = Lo Pee [ (1 =g, | > k) 0 (1 =gy | > K)]

S P [mn| (11 —Tg, | > ) O (g I, | > K)] = Eopcn P [ (1 =g, | > K) 1 (11 =1, | > K)]
(6.18)

v (k)

Here Py [m, n| (|1g —1g, | > k)N (|15 — Ig, | > k)} is the photon-number distribution of the

state |®%) after the pre-selection stage. More specifically, the value of @ is chosen in order
to maximize the contribution of the },,,-,, term and minimize the contribution of the },,,,,
term:

Inae = Y Py [m,n (11— 15,1 > k)" (I — Iy | > k)} (6.19)
m>n

Iin = Y Pg [m,n\(ylﬁ — I, | > k)N (|l — Iy | > k)} (6.20)
m<n

Eq.(6.18) then coincides with the usual definition of visibility. We note that the visi-
bility is higher for smaller angles ¢, since in that case a strong projection of the state is
performed in two close bases. This condition is equivalent to the scheme of Fig.6.2-(Il),
where the O-Filter measurement performed in one basis allows to obtain a better discrimi-
nation of the detected state only in the polarization basis of the pre-selection measurement
[Fig.6.7 (a)-(b)]. When ¢ 1s high, a lower visibility can be achieved since the projection
of the macrostate occurs in two distant bases. In this case, the increasing effect of the
pre-selection in one basis on the visibility is in contrast with the decreasing effect of the
pre-selection in the other basis, as shown in Sec.III.

We conclude this section by discussing the feasibility of a non-locality test by ex-
ploiting the proposed pre-selection method. We consider the case of a CHSH inequality
[CHSH69]. Let us briefly summarize in the light of a local hidden variable (LHV) theory
the content of Bell’s inequalities for a set of dichotomic observables. Consider a quantum
state described by the density matrix p defined in the Hilbert space 7] ® .7%. Define
OAL the positive operator acting on subspace .71, and the probability of finding the value
i after the measurement a as given by Tr[p (O, ®1)]. The same relation holds for the
positive operator Oi acting on subspace 743.

The existence of a LHV model implies that the expectation values of the a and b ob-
servables are predetermined by the value of the parameter A: {X,)(4),X,(1),Xp(1), Xy (1)},
hence the product a - b is equal to X,(A)X,(A). For a fixed value of A the variables X,
with n = {a,b,d’,b'} take the values —1, 1 and satisfy the CHSH inequality:
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Xa(A)Xp(A) +Xa(A)Xp (A) + X (A) X3 (A)

— Xy (M) Xy (L) <2 (6.21)

The same inequality holds by integrating this equation on the space of the hidden variable

(2):

/dIP’

/dIP’
Q

A)Xp(A -l-/d]P)

/dIP’

Xa(A)Xp (A) +

)Xy (L) <2

(6.22)

where P(1) is the measure of the A probability space. If there is a local hidden variables
model for quantum measurement taking values [—1,+1], then the following inequality
must be satisfied:

Scusu = EP (a,b) +EP (a,b) + EP (d ,b)

where EP (a,b) = [ X4(A)Xp(A)dP(A). The violation of (6.23) proves that a LHV vari-
ables model for the considered experiment is impossible.

—EP(d,b)<2 (6.23)
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We consider the case in which the angle ¢ between the two bases {ﬁﬁ,ﬁﬁ .} and
{7gr, ﬁ'ﬁi} is set at ¢ = /4. This choice is motivated by the following considerations. On
one side, low values of ¢ would lead to a micro-macro state possessing strong correlations
only in one polarization basis, thus not allowing to violate a Bell’s inequality. On the
other side, high values of ¢ does not allow to obtain the necessary enhancement in the
correlations of the micro-macro system to violate a Bell’s inequality. The obtained fringe
patterns for the chosen case are reported in Fig.6.13 and corresponds to the following
conditions. The (41) outcome of the dichotomic measurement is recorded as a function
of the polarization 7, of the injected single photon state. In particular, the two chosen
equatorial polarization bases {7g, 7ig } and {7, ﬁﬁi} corresponds to f =0 and ' = Z.
We then analyzed three different choices for the threshold k at the pre-selection stage.
When the threshold k is set to 0, the fringe pattern corresponding to the two basis f = 0
and B = Z are mutually shifted of an angle %, since no filtering and no pre-selection is
performed on the state. When the threshold k is increased, the mutual shift between the
fringe pattern is progressively reduced and canceled, since a strong filtering of the state is
performed. In particular, the maximum of both the fringe pattern in the B =0 and 8 = %
bases is obtained for the |®%) state with @ = %. This means that this pre-selection strategy
for sufficiently high value of k enhances the correlations in the micro-macro system in a
specific polarization basis and suppresses the correlations in the other bases. For this
reason, the proposed strategy does not allow to observe the violation of a Bell’s inequality
in the micro-macro system here analyzed. The enhanced value of the visibility could
nevertheless be employed in quantum lithography and quantum metrology schemes, in
which high visibility correlations pattern and high photon number regimes are required.
Recently it has indeed been shown how the amplification process of a single photon probe
can beat the detrimental effect of losses which happen in the transmission and detection
stages [VSTT10b]. Such a scheme for non invasive quantum metrology could benefits
from the presented filtering procedures in order to improve the visibility value of the
interference fringe pattern.
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Figure 6.13: Fringe pattern as a function of the angle o of the polarization basis at the
single-photon site. The angle ¢ between the two bases of the pre-selection stage is set
at ¢ = w/4. (a) Threshold k = 0. (b) Threshold k = 3. (c) Threshold k = 5. Square
black points: fringe patterns obtained by recording the (+1) outcome at the measurement
stage, where the measurement basis {7g, 7Zg, } is set at § = 0. Circle red points: fringe
patterns obtained by recording the (+1) outcome at the measurement stage, where the
measurement basis {7g, Zig } is setat f = 7.

6.6 Observations and Conclusions

In this chapter we have analyzed the properties of the macro states obtained by a quantum
injected amplification process, by addressing the behavior of the indistinguishability be-
tween orthogonal macro-states when a filtering process is applied over a portion of them.
More specifically, we analyzed theoretically in details several schemes for the realization
of conditional measurement-induced operations. All these strategies are aimed at the ma-
nipulation and distillation of the macro-states for their applications in different contexts,
such as the realization of a non-locality test or quantum communication.

We have identified a strategy, based on the ID device, able to minimize the effects of
the noise due to the vacuum injection into the amplifier. The ID based filtering procedure
is independent on the analysis basis and selects the same portion of the state when the
measurement is performed in any equatorial polarization basis.

A different filtering procedure, based on the OF device, has been deeply studied: it
turned out that when a small portion of the state is analyzed through the OF, the visibility
of the overall state, relative to a dichotomic measurement, is affected in a different way
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depending on the polarization basis in which the small portion has been measured. If the
polarization basis is the same of the macro qubit codification, the final visibility increases
with the increase of the filtering threshold, otherwise it decreases. This behavior is related
with the impossibility of measuring non commuting operators on the same quantum state,
as explained in Section III.

We have further addressed in Sec.IV the trend of the macro state visibility when an OF
discrimination system is used even at the transmitted state detection stage. In this case,
the two OF apparatus in both transmitted and reflected branches play an opposing role
in increasing or decreasing the visibility of the fringe-pattern obtained in a micro-macro
configuration. Such analysis shows that the macro-states generated by optical parametric
amplification of a single-photon state are not suitable for quantum cryptography, since
they are not robust under an eavesdropping attack.

Finally, in Sec.V we addressed a pre-selection scheme for the realization of a Bell’s
inequality test which do not suffer the same detection loopholes of the one based on post-
selection strategies [VST'10a]. The proposed method, based on the measurement of the
reflected part of the wave-function in two different bases, does not allow to violate a Bell’s
inequality, since it induces the collapse of the correlations present in the macro-states in
only a single polarization basis.

Several open points remain to be investigated. The measurement-induced operations
analyzed in this chapter are all based on dichotomic detection schemes. Other approaches,
such as the ones based on continuous variables measurements or on the processes of
coherent photon-addition and photon-subtraction, can lead to a different manipulation of
the QIOPA multiphoton states. Systems with different properties from the one analyzed
in this chapter could be obtained with these methods.
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Figure 6.14: Conceptual scheme of the present work: in this part the colored boxes will
be addressed. Different application to quantum information protocols are addressed.

In this part different applications of multiphoton states to quantum information prob-
lems are investigated. A first application is related with quantum metrology: the use of
multiphoton quantum states can indeed be exploited in order to obtain a greater sensitiv-
ity for the estimation of a physical parameter of interest such as, in our case, a phase. In
chapter 7 it is shown that a scaling factor in the available sensitivity in an interferometrical
experiment can be observed when instead of a coherent state a multiphoton state, gener-
ated by a collinear source, is used. The analysis is then enlarged to the case in which a
2-photon NOON state is injected into the amplifier. In that case the scaling factor in the
sensitivity goes with an increase in the detected signal respect to the spontaneous emis-
sion case. In chapter 8 the minimally invasive metrology scenario is addressed. In that
case the amplification of a single photon probe, used to estimate a phase, results into an
enhancement in the sensitivity, which is no more related with a scaling factor, but turns
out to be a constant factor depending on the non linear gain of the amplifier and on the
losses regime. This protocols works well in the high losses regime, in which dominant
losses happen after the amplification, at the detection stage. The high resilience to losses
of multiphoton states, obtained by an amplification process of single photon states, is then
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addressed in chapter 9, where the non resonant interaction between the QIOPA field and
a BEC system is investigated.



Chapter 7

Optical Parametric Amplifier and
NOON states

NOON states are path entangled states which can be exploited to enhance phase resolution
in interferometric measurements. In this chapter we will show that the output of a high-
gain optical parametric amplifier can be intense yet exhibits quantum features, namely,
sub- Rayleigh fringes, such as the ones shown by the few photons NOON states. We
will investigate multiphoton states generated by a high-gain optical parametric amplifier
operating with a quantum vacuum input for a gain values up to 2.5 [SVD'08]. And
then we will analyze the quantum states obtained by optical parametric amplification of
polarization NOON states [GCD 108, VSSD09]. Finally, we will compare the stimulated
emission regime with the spontaneous one, finding comparable visibilities between the
two cases but an enhancement of the signal in the stimulated case.

As a final step, we will show that the collinear amplifier cannot be successfully used
for amplifying N-photon states with N>2 due to the intrinsic % oscillation pattern of the
crystal. To overcome this limitation, we propose to adopt a scheme for the amplification
of a generic state based on a non-collinear QIOPA and we show that the state obtained by
the amplification process preserves the ]%, feature and exhibits a high resilience to losses.
Furthermore, an asymptotic unitary visibility can be obtained when correlation functions
with sufficiently high order M are analyzed.

7.1 NOON states features

NOON states are path entangled states of the form:
v)=-
G

where k; and k, stand for the spatial modes. A phase shift ¢ introduced onto the single
photon path, induces a shift between the two components equal to N¢, this allows to ob-
serve a sub Rayleigh resolution in interferometric measurements which scales as %V, A

(INY &y 10}k, +10) s, IN )y ) (7.1)
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being the wavelength of the field [DCSO1]. NOON states are then quite useful in quantum
lithography applications, in which a resolution greater than the one imposed by Rayleigh
% is required [BKA™00].

In the context of classical interferometry the intensity generated by the interference of
two field impinging on a screen is proportional to A(x) = 1+ cos(kx) = 1+ cos(¢), with
k = 2/1—” and ¢ = kx representing the phase difference associated with the path difference
x. The Rayleigh criterion imposes that the minimal spatial resolution that can be achieved
corresponds to the minimum distance between a maximum and a minimum of the result-
ing fringe pattern: ¢”" = 7, from which x™" = % This limit can be overcome by using
NOON states in a quantum lithography experiment. Let us analyze a simple interferomet-
ric setup, shown in figure 7.1:

k A c
BS Figure 7.1: Interferometric scheme used

in quantum lithography experiment.
B B’ D

S

A symmetric BS is placed on the two beams path, which enter by the input ports A
and B. The output fields are reflected by two mirrors and represent the path C and D of
the interferometer. The phase shift associated with the path difference between the two
arms is simulated by dephasing medium which induces a a difference ¢ on the upper arm
of the interferometer. The two input ports A and B can be identified by the creation op-

erators @ and b which satisfy the usual commutation relations: a, Zﬂ = [Z, ZT} =1 and
[Zi, Z} = (. We can then consider the impinging field on plane S proportional to the sum

of the operators ¢ and d associated with the arms C and D of the interferometer. The fields

d
trix T is the transfer matrix, which in our case is given by the product between matrices:

_ 1 _ _ ]
B= ﬁ( i -1 )’R ( 0 —1 ),andP ( 0 1 ),whlchrepresenttheac

AN A

¢and d are connected with the fields @ and b from the relation: T { % } = { il , the ma-

tion of the BS, mirror and dephasing medium, respectively. It turns out that: i‘ = PRB.
The output fields, expressed as a function of the input fields are: ¢ = (a— ib)e'? /\/2
and d = (—ia+b)/+/2 . The total electric field, impinging on the screen S is then: &=

ctd= % [(ei“’ +i)a+ (1 —ie'? )Z] . The absorption rate of the N photons onto the screen

S is then proportional to the operator 8y = (¢")V(2)"/N!, and it can take different form
depending on the input state into the interferometer. If we consider as input in the inter-



NOON states features 141

ferometer the single photon state |y;) = |1)4]0)p, we obtain:

AL(@) = (wi|81|yr) = 1 —sing (7.2)

if at the input there is a classical state, it turns out that:

N 3 1
25(9) = (Wil 2| wip) = 5 — 2sin(@) — 5 cos(2¢) (7.3)

in which the term cos(2¢), which presents a sub-Rayleigh resolution, appears. If the input
state is given by a quantum state such as |y7) = [1)4]1) the two photon absorption rate
takes the form:

AL(@) = (W &) = 1+cos(29) (7.4)

this interference pattern allows to obtain a resolution equal to x4 = 2 /4.

The state |y}h) = [1)4]1)p in input into the BS, becomes at the exit an entangled state:
lwe) = (10) 4 12)y +12) 4 10) ) /\/2. After the phase ¢ the state reads:

e(9)) = (10)c[2)p+e*?(2)cl0)p) /v2.

This result can be extended to the N-photons NOON case as follows: for an impinging
state equal to: |yg) = (|0),/|N)y +|N),0)z) /\/2 at the exit of the BS, we would
obtain: |y (¢@)) = (|0)c|N)p + eN"P\N)C|O)D) //2, and the resulting interference pattern

would be: Al (@) = <l//;\1,|<§2| vih) = 1 +cos(N@) which allows to obtain a resolution equal
to A /2N. The generation of NOON state with increasing N can in principle be obtained by
using materials with non-linear suscettivity y ) [PST98)], in which the interaction of the
field with the crystal produces N photons by spontaneous parametric down conversion.
Another approach exploits the adoption of (N — 1) crystals with non-linear suscettivity

2) [PST98]. These proposals are nevertheless difficult to realize experimentally, and up
to now, quantum lithography experiments have involved up to four-photons NOON states
[MLS04, NDSDO7].

7.1.1 Interferometrical pattern and decoherence

In this section we recall the interferometrical pattern of the NOON state looking at how
the state features are affected by losses.

We begin with the polarization entangled NOON state |yN); = % (IN+)—|IN—));. In
this case the N-photon state is entangled in the polarization degree of freedom and be-
longs to the spatial mode k;. Introducing a phase shift ¢ between the two orthogo-
nal polarizations, the state reads \l//g = (|N+> eN?|N—)),, where |p&) refers to

the quantum state with p photons polarized ?5 The M-th order correlation function
= (y, \dLM ay| vy ) reads, for M=N:

seed

g(N) N!

eed = o [1+(=1)"" cos(Ng)] (7.5)
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while for M < N all the functions do not exhibit any oscillation behaviour and have the
expression:

M) N!
seed — 2M(N—M)! (7.6)
In order to simulate losses in the transmission path and non unitary detection effi-
ciency, we now introduce a Beam Splitter (BS) of transmittivity 1, as shown in Fig.7.2.

T +

|WN> D ai: BS("'I): -

Bab(p)

Figure 7.2: Decoherence model of the interferometric process. The phase shift in the
NOON state |y is inserted by a Babinet compensator, while the BS with efficiency 1
models the decoherence process. The signal is then analyzed in polarization by the PBS
and the N photons absorbing device R%Y).

The density matrix after the decoherence process, obtained by the insertion of the I/O
BS relations and by tracing on the unrevealed reflected mode, becomes:

N N A Nl N ; Nei A
Pioss =M PNOON + Z ( i) nl (1 - n) Pi (7.7)
i=0

where pyvoon = | Wi ) (Wg | is the density matrix of a pure NOON state, and
pi = % [li+,0—=)(i+,0 — | +|0+,i—)(0+,i — |] is the density matrix of a mixed i photons
state. Only the first part of this quantum state contributes to the N-th order correlation
function, and the successful events rate is reduced by a factor V. We finally obtain that
the correlation function after losses reads:
(N) _ N(N)
gloss =N ggseed (78)

We propose in the following sections to exploit an amplification process in order to
improve the robustness to losses of these states without losing their % sub-Rayleigh fea-
ture.
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Figure 7.3: (a) Experimental scheme
for quantum lithography based on spon-
taneous parametric down-conversion.
The 2-photon absorption is simulated
through a 2-photon coincidence detec-
tion. (b) Configuration based on polar-
ization entangled beams.

BBO PBS BS

7.2 Sub-Rayleigh resolution by an unseeded high-gain op-
tical parametric amplifier

In the section we experimentally investigate the properties of the optical parametric am-
plifier (OPA) operating in the high gain regime. Instead of dealing with path entangled
states, we consider the generation of entangled states over the same mode but with or-
thogonal polarizations, respectively, horizontal (711) and vertical (7\/). The scheme
is shown in Fig.7.3. The non-linear crystal (BBO) is pumped by a high-power laser.
The first order contribution to the output field is the twin photons state over the same
mode: 2712 (|2), [0)_ 410, [2) ) = [1)y[1)y, with T =27 V2(Fy + Zy). Such
polarization-entangled photons can be easily converted to path entangled via an addi-
tional polarizing BS. The PBS of Fig.7.3-(b) mixes the two polarization components 7+
and 7¢_ as the second BS of Fig.7.3-(a) mixes the two different path modes, similar ar-
rangements of polarization NOON were adopted in Ref.[MLS04, WPA104].

Let us introduce the generic quantum states generated by the OPA acting on the vac-
uum fields |0),, |0), . The interaction Hamiltonian of the optical parametric amplification
I—AICO” =i thiL&\; + h.c. acts on the single spatial mode k;. A fundamental physical prop-
erty of ﬁcou consists of its expression for any polarization basis belonging to the equatorial

basis. Indeed H,,;; can be written as %i xh (?zf + Zl\i2> + h.c. where Zl\l are the creation

operators for the ?i polarization modes, respectively. The output state over the mode k;
of the unseeded optical parametric amplifier is found to be:

1 1 & .
D) = C Y T n)yIn)y = o Y T 020) [2))_ (7.9)
n=0 i,j=0

with C = coshg, I' = tanhg, being g the non linear (NL) gain [DSO05]. This state is
usually called a two-mode squeezed state. The average photon number created per po-
larization mode is equal to 77 = sinh?g. In the interferometric setup the output state
is shifted by a phase ¢ in the basis {7+,7_}. Hence the output state is detected
in the basis {71177\/}; adopting a polarizing beam splitter (PBS). For different val-
ues of the phase ¢, the quantum state |®) is analyzed through two different second-
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REGA amplifier MIRA laser
SHG
NL crystal
kp BBO DM %BBO
N\
| kil a2
2 PBS,, L IF
M w SM fiber

Figure 7.4: Experimental layout. The radiation generated in the NL crystal is spectrally
filtered by an interferential filter (IF) with bandwidth equal to 3nm and spatially selected
adopting a single mode (SM) fiber.
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Figure 7.5: Coherent state as input field. (a) Ggl): Count rates D‘i‘ versus the phase ¢. (b)
ngl): Coincidence counts [D{, D¥] versus the phase ¢.

order correlation functions ng = <<I>]cTc2c‘2c1 |<I)> and G(11 = (CID\clclclcl |®) where
{c1 <cos a;{ —isin q’a{ﬂ) e'% cg = (—zsm aH + cos (pa‘T,> e'z } are the output modes

of the PBS. By tuning ¢ it is found ng)((p) =2+ 1(7? +7)(1 +cos2¢) and Ggl)((p) =

27% + 5 (7® +7)(1 — cos2¢) [NBBAO1]. The corresponding visibilities of the obtained
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fringe patterns read Vl(z) = % and V1(22 ) = % We observe that a non-vanishing visi-
bility is found for any value of g : Vl(z) (g—00)= % and V1(22 ) (g—o0)= % The two fringe
patterns exhibit a dependence on 2¢ and hence a period equal to % This feature can be
exploited to carry out interferometry with sub-Rayleigh resolution, i.e., with fringe period

lower than A, in a higher flux regime compared to the two photon configurations.

7.2.1 Experimental setup and results

We now briefly describe the experimental configuration: Fig.7.4. The excitation source
was a Ti:Sa Coherent MIRA mode-locked laser further amplified by a Ti:Sa regenerative
REGA device operating with pulse duration 180fs at a repetition rate of 250kHz. The
output beam, frequency-doubled by second harmonic generation, provided the excitation
beam of UV wavelength Ap = 397.5nm and power 300mW. The horizontally polarized
UV beam was then adopted to pump a non-linear BBO crystal, which generated pairs of
photons with polarization %y and 7y over the modes k; with same wavelength A = 2Ap.
This source allows us to obtain a high value of the gain g, which depends on the pumping
power: g o< v/Pyy. Compared to conventional pulsed sources used to pump SPDC pro-
cess, which achieve g ~ 0.1, the energy per pulse is enhanced by a factor ~ 400, leading
to an increase of the gain value in the range of 20 — 40 depending on the focal length of
the UV beam. The pumping power could be tuned adopting a half-wave plate and a po-
larizing beam splitter (PBSyy). The output state of BBO crystal with wavelength A was
spatially separated by the fundamental UV beam through a dichroic mirror (DM), then

—_—
Q
~—
()
-
N

(2) (b) G,

i, 6x10°
1.5x10°

5x10° -

1.0x10*

4x10°

10 05 00 05 10

Two photon coincidence
countsinb5s

1.0 05 0.0 05 1.0

Phase shift ¢ (in units of n) Phase shift ¢ (in units of «)
Figure 7.6: (a) ngz): two-photon coincidence counts [D’f‘,Dz] versus the phase @ in-
troduced by the Soleil-Babinet compensator (g = 1.4). Circle data: expected acciden-

tal (without correlations) coincidence rates. (b) G(IZI) : two-photon coincidence counts
(D}, D8] versus the phase ¢ (g = 1.4). Variations of the detectors signal (~ 10%) due to
different couplings of polarizations 7y and 7y with fiber have been corrected by normal-
izing coincidence counts with signal rates.
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spectrally filtered adopting an interferential filter (IF) with bandwidth equal to 3nm and
then coupled to a single mode fiber in order to select spatially a single mode of emission.
A A /2 waveplate and a BBO with thickness of 0.75mm provided the compensation of
walk-off effects. At the output of the fiber, after compensation (C) of the polarization
rotation induced by the fiber, a phase shifting ¢ was introduced adopting a Soleil-Babinet
compensator (B). The output radiation was then analyzed through a polarizing beam split-
ter (PBS) and detected adopting single photon detectors SPCM-AQR 14 (D’i‘, le , Df, D,).
To characterize the detection apparatus, a coherent state with wavelength A and polariza-
tion 7y was fed into the mode k. The count rates D' and the coincidence rates [D, D]

were measured versus the phase ¢: Fig.7.5. High visibility patterns have been observed
Wlth a narind annal ta 2
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Figure 7.7: (a) Visibility versus non-linear gain. The continuous line corresponds to the
function Vipax X Vl(z) (g)- (b) Excitation rate versus non-linear gain. The continuous line

corresponds to the function 1_3(2) (ag) where the parameter o has been optimized by fitting

the data and reads 0.85.

As a first experimental step we have characterized the two-photon state generated
by SPDC in the low gain regime. The visibilities have been found Vl(zz) = (85+£2)%

and Vl(z) = (80+1)%. The discrepancy with the expected values V = 1 is attributed
to double-pair emission and to experimental imperfections. The same measurement has
been carried out increasing the UV pump beam in order to measure the fringe patterns
for different gain values. The gain has been estimated with the method introduced in
Ref. [EKD104, CDP'06]. Fig.7.6 refers to the configuration g = 1.4. The visibilities
have been found to be V2 = (16.84:0.6)% and V\*) = (154 1)%. The sub Rayleigh
resolution is clearly shown by the experimental data of Fig.7.6. For the sake of complete-
ness the value of Vl(z) has been measured for different gains: Fig.7.7-(a). The continuous
line shows the expected theoretical function V](z) (g) multiplied by the extrapolated visi-
bilities for g — 0 : Vinax = 0.85. We attribute the discrepancy between experimental and
theoretical visibilities to partial multimode operation of the optical parametric amplifier
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To estimate the dependence of the excitation rate from the NL gain g, the maxima and
the minima of the fringes have been measured versus the pumping power. The average
data are reported in Fig.7.7-(b). Our experiment validates the result found by Agarwal et
al. [ACB"07] showing an exponential dependence on the parameter g. The expected two-

photon excitation rate reads rRY = 20 (7+ 57°) where c@isa generalized two-photon
excitation cross section [ACB*07]. Fig.7.7-(b) shows how the excitation efficiency scales
quadratically with the light intensity, in contrast with the two-photon SPDC regime; which
leads to a linear dependence [JG90, PST98].

As further demonstration of the potentialities of the present approach, the simultane-
ous detection of three photons over the same mode has been investigated. The average

three photon excitation rate reads RY = 126(3)(7713 + 37%) where o) is a generalized

three-photon excitation cross section and the visibility of the fringes is theoretically found

(3) _ 3u+3
as V™ =33
g: V1(3) (g —o0)= % and the patterns exhibit a period equal to % Furthermore an increase

[ACB*07]. Again a non-vanishing value of V1(3) is found for any value of

of visibility is expected V1(3) > Vl(z). To demonstrate such a feature the three-photon co-

incidence rate Gg3) has been measured versus the phase ¢: Fig.7.8-(a). An increase of

the visibility has been found V1(3) = (21.6 £0.6)%, the experimental dependencies of the
three photon absorption rates and visibilities are shown in Fig.7.8-(b).
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In order to investigate the connection between the quantum feature of the state and the
visibility of the fringe pattern, we have introduced a decoherence between the two polar-
ization components {7y, iy } or {74, 7_} with a quartz crystal (Q) with a length equal
to 20mm. This device introduces a temporal delay higher than the coherence time of the
multiphoton fields. The G(lz) has been first measured without the quartz: Fig.7.9. When
the decoherence affects the {7y, 7y} components, we observe a reduction of visibility
down to (4.8 £0.6)%; on the other hand when the decoherence involves the {7, ,7_}
we observe the disappearance of the fringe patterns. The inversion of the maxima and
minima of the square data compared to the circle data, a phenomenon not expected in the
single-pair regime, is due to the reduction of the bunching effect among photons detected
on the same polarization mode when decoherence is introduced.

2.1x10"

1.8x10*

Two coincidence counts in4 s

1.5x10* . . . . : . .
-1.0 -0.5 0.0 0.5 1.0
Phase shift ¢ (in units of =)

Figure 7.9: Effects of coherence on fringe visibility. Square data: 2-photon coincidences
counts versus the phase ¢ without introducing decoherence. Circle data: decoherence
introduced between the polarization components{ 7y, &y }. Triangle data: decoherence
introduced between {7, 7_}.

7.3 Amplification of NOON states

We have seen that the weak value of the generated number of photons in a NOON state
strongly limits the potential applications to quantum lithography and quantum metrology.
Furthermore a NOON state, as any superposition of macroscopic states, is “‘supersensi-
tive” to losses. Hence for a N-photon state a fractional loss zlv would destroy the quantum
effect responsible for the phase resolution improvement.

A natural approach to increase the number of photons and to minimize the effect of losses
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is to exploit the process of stimulated emission.

In the previous sections we have seen how the output radiation of an unseeded optical
parametric amplifier (OPA) can be exploited to show the typical A /4 feature [DSV08]
Fig.7.10-(a). In the present section we investigate the task of the amplification of pho-
tonic NOON states by two different devices, both based on a quantum injected optical
parametric amplifier (QIOPA). In Sec.7.4 we study both theoretically and experimentally
the amplification of a 2 photon state by a collinear QIOPA, as shown schematically in
Fig.7.10-(b), investigating how the features of the state are modified when the entangle-
ment is broadcasted via amplification over a large number of particles. An experimental
comparison with the spontaneous field Fig.7.10-(a) of the collinear OPA, that intrinsically
has a % feature [DSVO08], shows that the visibilities in the two regimes are comparable,
while the injected case manifests an increase of the signal due to the stimulated emission
process. We then show that this device cannot be successfully used to amplify a generic
N-photon state since the typical % feature of the seed is lost. Finally, in Sec.7.5, we
propose to exploit a non-collinear QIOPA in order to amplify a generic state maintain-
ing the interference pattern of the seed, showing that significant value of the visibilities
can be achieved by investigating high-order correlation functions. Finally, the effects of
losses are investigated, demonstrating that the amplified field exhibits a higher resilience
to losses with respect to a pure NOON state.

7.4 Collinear amplification of a 2 photon NOON state

In this section we study, both theoretically and experimentally, the amplification of a two-
photons polarization-entangled NOON state exploiting an optical parametric amplifier
working in a collinear configuration. It will be shown that this device cannot be used to
amplify a generic N-photons state as its %\, oscillation pattern is masked by the intrinsic
oscillation of the amplification crystal.
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7.4.1 Theoretical approach

As a first step we consider the generation of a two photon NOON state by spontaneous
parametric down conversion in a first crystal over the two polarization mode 7+ and
70 _, on the same spatial mode ky. The state generated is |y2); = (|2+> 2-))1 =

|1H;1V), where |p+;q—) stands for the quantum state of p photons polarized 7+ and

g photons polarized
The amplification of the state |y?) is realized by injecting the quantum state into a
QIOPA actmg on the 1nput ﬁeld k. The interaction Hamiltonian of the optical parametric

amplification Hw” =1 xhal Halv + h.c. acts on the spatial mode Kkj. The output state over
the mode kj is:

%)) = Zr” (& -12) InH:nv), (7.10)

with C = coshg, I = tanhg, being g the non-linear gain of the amplification process
[DSO05].

The peculiar A /4 interference path feature of a two photon NOON state, can be investi-
gated by performing an interferometric measurement on the amplified field. To this end
a phase shift 0 is introduced, after the amplification stage, in the {7+, ?7} basis, cor-
responding to a rotation of an angle 6 /2 in the basis { 7 57, %y }. The state is then ana-
lyzed in polarization and detected adopting single photon detectors. The amplified signal
can be evaluated by the first order correlation function %15,1:)2 = 1(432\5;?1 |®2);, where

ﬂ = (cos 0/ ZcﬂH —sin6/ 2&%) is the transmitted mode of a polarizing beam splitter

(PBS). We find that %\(,1:)2 = 37+ 1, independently of the phase value 6, with 77 = sinh?g.
The state generated by the ampliﬁer is then investigated through the second order corre-

lation function %\(,2) (D% 3 c1c1|®@?)1. By tuning the phase shift 8, we find that the
expression of the second order correlation function is:

%\(,2_)2:2ﬁ(4—|—7ﬁ)+%(7%2—1—7%4—1)(1—005(20)) (7.11)

The corresponding visibility of the obtained fringe pattern is calculated accordingly
to the general definition:

%\(,M) (max) — %\(,M) (min)

(7.12)
%\(,M) (max) + %\(,M) (min)

ARE

where M is the order of the correlation and N is the number of photon of the injected seed.
In the case of eq.(7.11) the visibility reads:
7/(2) B T 4T+ 1
N=2"" 3572 + 230+ 1

(7.13)

We observe that a non-vanishing visibility is found for any value of g : ”I/J\gi)z(g —
o) = % The fringe pattern exhibits a dependence on 26 and hence a period equal to
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%. This feature can be exploited to carry out interferometry with sub-Rayleigh resolu-
tion, i.e., with fringe period lower than A, in a higher flux regime compared to the two
photon configurations. The interest in amplifying a NOON state belongs to the trend of
visibility as a function of the number of generated photons. Recently, as said, it has been
demonstrated [DSVO08] that the output field of a collinear parametric amplifier working in
spontaneous emission regime shows a A /4 feature. There an unseeded optical parametric
amplifier working in collinear regime was pumped by an UV beam. The output radiation,
after a phase shifter, was analyzed in polarization. The fringe pattern visibility in that
case was ”i/}\i)o = Sﬁ{_f] . The asymptotical values of visibilities in the two regimes, sponta-
neous and stimulated, are equal; on the contrary for an intermediate number of generated
photons the visibility in the amplified regime is higher than that in the spontaneous one
as shown in Fig. 7.11-(a). Hence, the injection of a seed with theoretical visibility equal
to 1 leads to an advantage in the visibility for the amplified field with respect to the case
of spontaneous emission. We note that the same average number of photons in the two
regimes is achieved for different values of the gain. In the spontaneous regime the average
photons number generated by the amplifier is (i), = 2sinh® g, on the contrary, for the
same gain value, in the stimulated regime we have: () gyim = 2 + 6 sinh? g. For a value
of the gain g = 0 the number of photons in the stimulated case is (/1)g, = 2, unlike the
spontaneous case in which (i1)s, = 0. In both cases the value of visibility tends to 1 for
g — 0. By analyzing the trends of visibilities in Fig.7.11-(b) we see that the advantage
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of amplifying a NOON state holds until () ~ 30.
An enhancement of the fringe pattern can be obtained by evaluating the M-th or-

der visibility ”//N(fg, with M > 2, corresponding to the M-th order correlation function at
time t: %]\(,Z)z = (2[5 ()] [e1(£)]™|w?);. This calculation have been performed in the
Heisenberg picture, where the field operator é‘; (¢) is the time evolution of the analyzed

field 6; solving the Heisenberg equations for the collinear OPA. We calculated the first 6
orders correlation functions, obtaining the following visibilities:

1 + 77 + 77>
A - 7.14
N=2 1 + 257 + 3572 (7.14)
12 + 487 + 39722
A - 7.15
N=2 12 + 847 4 9177 (7.15)
12+ 2917 + 82272 + 5671
y, = T n_2+ o (7.16)
12 +2917 + 107872 + 9037
135+ 13157 + 284572 + 17057°
VAR 1l A8t L on (7.17)

135 + 13157 + 324572 + 220173
() 45 + 17457+ 10080n° + 175077° 4 92457
= = — — — — (7.18)
45+ 17451+ 1008072 + 186571° + 106217

The theoretical plots of the visibilities are reported in Fig.7.12. We observe that an in-
creasing trend is obtained by exploiting correlation functions with higher order M. This
means that analyzing a higher order absorption process the contrast of the fringe pat-
tern is enhanced. This feature was also predicted in the spontaneous emission regime in
[ACB"07], and experimentally observed in [DSV08].

7.4.2 Experimental verification

The previous theoretical results have been experimentally verified adopting an injected
high-gain optical parametric amplifier. The experimental setup is sketched in Fig 7.13.
The excitation source was a Ti:Sa Coherent MIRA mode-locked laser amplified by
a Ti:Sa regenerative REGA device operating with pulse duration 180fs at a repetition
rate of 250kHz. The output beam, frequency-doubled by second harmonic generation,
provided the excitation beam of UV wavelength (wl) Ap = 397.5nm and power 750mW.
The UV beam was split in two beams through a A /2 waveplate and a polarizing beam
splitter (PBS) and excited two BBO (-barium borate) NL crystals cut for type II phase-
matching. The pump power of beam kp was set in order to have a negligible proba-
bility to generate three couples of photons (< 10%). Let us describe how the 2-photon
state |y?); = 271/2(|24) —|2—)), = |1H;1V); was conditionally generated on mode
k;. We adopted the scheme demonstrated by Eisenberg et al [EKD104]: Crystal 1, ex-
cited by the beam kp, is the spontaneous parametric down-conversion (SPDC) source
of entangled photons of wavelength A = 2Ap, emitted over the two output modes Kk;
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Figure 7.12: Plot of the visibilities 7/1\514% with 2 < M < 6 for the collinear QIOPA in
stimulated emission with the injection of a 2-photon NOON state as a function of the

nonlinear gain g. Straight line corresponds to ”1/1\522, dashed line to 7/1\53:)2, dotted line to

7/164:)2, dash-dotted line do ”1/1\55:)2 and short dash-dotted line to “//Agz.

(i=1,T), where T stands for the trigger mode, in the state |, )17 = %(\ZH)l 2V —

|[1H;1V)1|1H;1V)r + |2V)1|2H) 7). The two photons associated to mode kr were cou-
pled into a single mode fiber and excited two single photon counting module (SPCM)
{Dr,D7}}. The state |1H; 1V )7 was detected on mode ky by measuring the coincidences
between detectors {Dr, D75} in the {7y, 7y} polarization basis on mode k7 leading to
the conditional preparation of the state |[IH; 1V)| on mode k;.

The amplification of the injected 2-photon state was achieved by superimposing the
pump beam on mode k/p and the field on mode ky on crystal II exploiting a dichroic mir-
ror (DM) with high reflectivity at A and high transmittivity at A,. The output radiation
was then analyzed through a polarizing beam splitter (PBS) and detected adopting single
photon detectors SPCM-AQR14 (D{, D% D).

In order to characterize the state produced by the first crystal, a measurement of the
second order correlation function of the injected field, without the contribution of the
UV pump beam on crystal 2, was carried out. The typical A /4 fringe pattern was mea-
sured by the fourfold coincidences between detectors {Dl,D? ,Dr,D5}, through evalu-

: . . 2 PESEION 5
ation of the second order correlation function Gg eg = 1(1//2|c7;c§c2c1|1//2>1, where cg =

(sin6/2al, +cos6/2a], ) =¢!,. The obtained visibility 2 = (63+4)% is lower
than the expected one, due to the experimental imperfections and to the emission of higher

number of photons by the first crystal. In Fig.7.14 we report the oscillation of the injected
field with (Fig.7.14-(b)) and without (Fig.7.14-(a)) the conditional generation of the two
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Figure 7.13: Experimental scheme adopted to amplify a 2-photon state.By measuring
coincidences between detector {Dr, D} } on spatial mode kr, the state on spatial mode
Kk, is prepared in the two-photon NOON state |y?);.The rate of the trigger signal was
around 10-000Hz and the rate of coincidences between (D7, D) was around 400Hz.
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photon NOON state by the first crystal. As shown, the two-fold coincidences present a A
period and the A /4 feature is displayed only by the fourfold coincidences Fig.7.14-(b).
We characterized then the state generated by the second crystal by evaluating the
correlation function 4 in the spontaneous, by detecting coincidences between detec-
tors {D‘?,le ,Dr}, and stimulated regime, by detecting coincidences between detectors
{D},D8,Dr,D3} | for a value of the NL gain g = 2 [EKD"04, CDP*06]. We observed
that the A /2 period has been preserved by the amplification process Fig.7.15-(a). The
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Figure 7.15: (a) Oscillation fringe pat-
terns in the stimulated and spontaneous
regimes. The unbalanced minima are
due to a different coupling of the 7y
and 7y polarized signals with the sin-
gle mode fiber. (b) Visibility value
7/N@2 as a function of NL gain g in the
spontaneous (triangular dots) and stimu-
lated case (circular dots). Experimental
(points) and theoretical trend of visibil-
ity in the stimulated regime (curve) are
shown. The theoretical curve used are:
Vip = 0.85 7,2 and Vyim = 0.85 7,7,

The factor 0.85 has been inserted to con-
sider experimental imperfections. The
curves are parametric plotted as a func-
tion of the respective number of gener-
ated photons, which are (i2);, = 2sinh? g
and (A)yim = 2 + 6sinh’g. Data in
the spontaneous regime refer to work
[DSVO08].

H

Visibility

= spontaneous
e stimulated

Average number of photons

minima, at 105° and 150°, correspond to polarizations 7y and 7y. The unbalancing
between the two values of the absorption rate is due to a different coupling of the two
orthogonal linear polarizations with the single mode fiber. This effect is related with the
distinguishability, i.e spectral difference, between the ordinary and extraordinary wave

vectors cones generated by the second crystal during the amplification process. The vis-
(4) _~4)

ot . mi—Cor .

ibility has been evaluated through the definition ¥ = H, where C¥ is the value

of the fourfold coincidences. In particular, only a portion of the global fringe pattern
of Fig.7.15 has been used to calculate the visibility. Only the maximum and the adja-

cent minimum which exhibit the higher contrast were considered, as a IE\, interval of the

fringe pattern, showing a % resolution, is necessary for quantum lithographic applica-

tions. By the same measurement we observe the fringe patterns for different gain values
by increasing the UV pump beam. We report in Fig. 7.15-(b) the trend of visibility as a
function of the number of photons generated: the spontaneous visibilities have been taken
from [DSVO08]. The experimental data are compared with theoretical predictions in both
regimes: spontaneous and stimulated. The theoretical trends have been scaled by a factor
0.85, that was the asymptotical visibility obtained in the spontaneous case in [DSVO08],
due to experimental imperfections. In the amplified case the experimental asymptotical
visibility is affected both by experimental imperfections and by the emission of higher
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number of photons by the first crystal. We observe that both the data points for increasing
gain values move away from the theoretical trends. This can be due to a partial multimode
operation of the parametric amplifier [TR04]. We conclude that the value of visibility in
the two regime is almost the same, but an enhancement of the signal in the stimulated
case has been observed. Indeed the probability of observing a sub-Rayleigh phenomenon
is proportional to the second order correlation function ¢ () in both regimes. By the

(2)
theory, the stimulated signal is seven time higher than the spontaneous one: 2{2)2 =17.
IN=0
Experimentally we can evaluate this ratio by the following method: the probability of
x> Where C (2) are coincidences

between detectors {D},D¥} and R is the repetition rate. In the stimulated case it reads :
Pyim = @, where C#) are coincidences between detectors {DT,D}D?,D? }, and E are
coincidences between detectors {Dr, D7} } on trigger mode, that is the rate of injection of
the two photon NOON state in the QIOPA per second. Hence the ratio between the two

probabilities is : i,—; = (6.21£0.8).

. . . . )
detecting coincidences in the spontaneous case is Py, = Sl

7.4.3 Amplification of N > 2 states

As last step, we investigate the amplification of N-photon NOON states with N>2 with
the same device. The injection of a 3-photon state [y3); = 271/2(|34) —|3—)), leads to
an amplified wave function of the form:

w (T\i(_T
‘¢3>:\ﬁlc4.z () (-5 (V@ 3Ri+3)+ — V2I2j )@+, (2j+3)-) b+

ilj!

l

)’ {\/ Qi+ D12j1(2i+ 1)+, (2))—) + /2i1(2j + D1 (20)+, (2j+1)— >}

(7.19)

CZZ

,1J|

Let us analyze the expression of the quantum state in equation (7.19). We expect the
third order correlation function to have oscillation in all the three harmonics 6, 26 and
30. In fact, the first part of the wave function contains the sum of quantum states of the
form [2i 4 3,2j) — |2i,2j + 3). These are analogous to 3 photons NOON states with a
common background 2i,2j generated by the crystal, thus leading to a % period. The same
argument holds for the second part of eq.(7.19), as the unbalancement of only 1 photon
determines a A period. We finally expect the presence of a % perlod due to the couple
emission of photons by the crystal.

Explicit calculation of the third order correlation function gives the result:

42, = a(7) + b(n) cos(8) + c(7) cos(20) + d(7) cos(36) (7.20)
where a(i7) = 6+ 342n+ 17820 + 18247° and c(n) = % [8171+ 369r* 428873 ] are third
degree polynomial in 7z, while b(77) = % [37% 431+ 1] and d(n) = —% [+ 77| are sec-
ond degree polynomial in 7z. We find, as said, the presence of oscillating terms at the three
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fundamental harmonics in 0, 20 and 36. The term in 260 is dominant for high gain values,
and the intrinsic oscillation of the crystal with period % suppresses the amplitude of the
oscillations with % period. Hence this apparatus based on the collinear QIOPA device
cannot be used for the amplification of a generic state, as the interference pattern of the
seed is masked during the amplification process.

Hence in order to preserve the %\, phase oscillation after the amplification process, a dif-
ferent amplifier device, not containing an intrinsic phase oscillation, has to be employed.

7.5 Non collinear amplifier

In this section we study the amplification of NOON states exploiting an Optical Paramet-
ric Amplifier working in a non-collinear configuration. The interaction Hamiltonian of
this device is [DS05]:

Ay = thy <dh&§m - a{majn) +hec. (7.21)

where 7,7, stand for any two orthogonal polarizations, as this configuration is invariant
under SU(2) rotations.
The proposed scheme is shown in Fig.7.16.

After the preparation of the seed, the state is injected on mode k; in the amplifier
together with the pump beam Kk, to obtain the amplification process. A phase shift 6
is then introduced between the two polarization 7, ,7_ and the M-th order absorption
process is performed in R™). An unbalanced BS with transmittivity 17 will be subse-
quently introduced in Sec.7.5.4 to simulate losses and non unitary efficiency of detection.
This scheme corresponds to evaluating the M-th order correlation defined by the operator
GM) = (&1 (1)]M[e1(£)]M, where & is the creation operator associated to the revealed mode
correspondind to the Heisenberg evolution of the field operator d;5:

RM)

Figure 7.16: Experimental setup for the amplification of a NOON state by a non-collinear
amplifier, implemented by a type-II cut BBO crystal in non collinear configuration. The
state |y") is injected into the input mode k;. The BS is inserted in order to simulate
losses.
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1
el(r) = 7 a, (t)—e%al_(1) (7.22)

The time evolution of the field operators in the crystal is derived from the interaction
Hamiltonian of the non-collinear OPA (7.21). The Heisenberg equations gives:

ay,(t) = aj, cosh(g)+d,_sinh(g) (7.23)
aj (1) = aj_cosh(g)+dasy sinh(g) (7.24)

where g = Xty 1s the non-linear gain of the process.

7.5.1 Spontaneous emission

Let us study the interferometrical feature of this device in the spontaneous emission case.
It will be shown that the spontaneous emitted field does not show any oscillation patterns
for any orders of correlation.

The unitary time evolution operator in the interaction picture for the non-collinear OPA
can be written in the form [DS05]:

N At

O = oL@l ) —al_a},) )~ InC(14irs+1 iy +r-)
(7.25)

el 1-ary—a1.a-)

where C = cosh(g) and I' = tanh(g). Applying this operator to the input vacuum state we
obtain:

1 [} n
(@) =2 Y T Y [(n—m)+,m=)i|m+, (n—m)=) (7.26)
n=0 m=0

The M-th order correlation function, calculated in the Heisenberg picture shows that
there is no oscillation pattern in the spontaneous radiation. Let us ignore for now the
effects of losses, and evaluate E%(M) = (0|G™)|0). The M-th order correlation operator
reads:

. 1 M
M = [d{ C+arS—eal_C- e’eéuS} X
2 (7.27)

where S = sinh(g). This operator can be written, using the multinomial expansion, as:

A 1 . koA At Nifa
GM) = o (Z gijk(aL)M T(as-) (ai_)J(asz)k)
bk (7.28)

X (Z G L (R U (I (dz+)">

IL,m,n
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where:

I\Y/ m . jtk o
L — _1\Jj+k 10 M—i—k ci+k
gijk = <7§> (l.,j,k)( 1) (e ) cM-i—kg (7.29)

and the sums are extended as Y ZI}/[: o 24:7017] .

The average of G™M) on the vacuum input state gives:
gM = m1 M (7.30)

This expression is independent on the phase for any order of the correlation. Thus, no
intrinsic phase oscillation pattern is present in the radiation emitted in the spontaneous
regime by the non collinear OPA, as expected from the form of the interaction Hamilto-
nian of eq.(7.21).

7.5.2 Amplified NOON quantum state

First we calculate the quantum state in the interaction picture. The amplified field is
obtained, with a procedure completely analogous to the spontaneous emission case calcu-
lated in Sec.7.5.1, by applying the operator (7.25) to the injected state: |[®V) = U|yN);.
The output state reads:

) = i 5 L
[ W‘(n—erN)Jr,m—h— (m;g]V)!’(”_m)+7(m+N)—>1 ek, (n—m) =),

(7.31)

Let us analyze the expression (7.31): the N-photons in excess on the two polarization
modes with respect to the spontaneous emission case of eq.(7.26) are responsible for
the % fringe pattern. Hence the original N photons in the injected state are added to a
background field emitted by the crystal.

7.5.3 M-th order correlation function

We now calculate the generic M-th order correlation function with the injection of a
NOON state defined by the average %S,M) = (YN |GM) ). Tt will be shown that the
original features of the injected seed will be maintained. It will be explicitly demonstrated
that the correlation functions of order M < N do not have any oscillation patterns, while
the ones with M > N exhibit sub-Rayleigh 55 A feature.

The value of the correlation functions can be calculated in the Heisenberg picture anal-
ogously to the spontaneous case of Sec.7.5.1. We obtain the following expression for

%\(,M) :
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N\ (M
) (i,j) + (7.32)

for M > N, while for M < N we obtain:

M M—i
NM 1;/1 Z Z CZJSZM 7) (l ]) (7) (7.33)

i=0 j=0

The form of eq.(7.32) explicitly shows the 2 % period of the emitted radiation, as only
constant or oscillating terms in N@ are present.

7.5.4 Losses and decoherence effects

We are now interested in studying the effects of losses and of non unitary efficiency of
detection on the amplified field. We introduce an unbalanced BS of transmittivity 1 in
spatial mode k; (Fig. 7.16). The two BS input modes are labelled by 131( (¢) and 64{ (1),
where the second one is the OPA output mode and the first one is the vacuum input lossy
channel. The revealed output mode corresponds to the field operator:

di () =vmel () +i/1-nmbl () (7.34)

M) _

where the BS 1/O relations have been used. The M-th order correlation function g?,(\,

by (Oley (W1 { ] ()11 (1)) [9) 0}, reads:
G = ¥ (v (/i)™
i,j=0 (7.35)
by Ol (W [ { [T OV B e B 7} 1y, 0D,

The input vacuum field on mode b, imposes the constraints i = M and j = M when

M)

we evaluate the average. The correlation function 54?;,

2M—i—j

then reads:

G — M O e (1M [y, = Mg M) (7.36)

Hence, the presence of losses and of the non unitary efficiency of detection do not
change the oscillation pattern of the amplified field, but only reduce the efficiency of the
process by a factor . The main difference between the pure NOON state and the am-
plified field is in their resilience to losses. For the injected state, as explained in Sec.7.1.1,
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the loss of just a single photon cancels the 1&\, behaviour of the field and only a fraction
n™ contributes to the successful events rate. On the contrary, for the amplified field the
non-linear gain of the process can be chosen so that ™7 >> 1. In this condition, the large
majority of the pulses give contribution to the M-th order correlation and the successful
events rate is substantially not reduced.

7.5.5 Asymptotical visibilities

Knowing the correlation function, we can calculate the visibilities associated to this M-
photon absorption processes. We can see by the form of eq.(7.36) that the visibility asso-
ciated to the M-th order correlation function is not affected by losses and by non unitary
detection efficiency. Restricting our attentions to the asymptotical visibilities, correspond-
ing to g — oo and hence to an ideal infinite number of photons in the emitted field, we
obtain for a NOON state with N=2,3.4 the following expressions:

~M) M?—M
M@ = )= ORIV (7.37)
3 2

~1) M3 —3M2 4+ 2M

o) — 7.
Iy=s( = ) = S S 560 48 (7.38)
~ M* —6M> + 11M? — 6M
M) o) = 73
V= ) = 20302 4 538M 4 384 (7.39)

The plot of these three functions are reported in Fig.7.17. We observe that the values
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Figure 7.17: Plot of the asymptotic (g — oo and 77 — o) M-th order correlation function
as a function of the order M in three cases. The square data corresponds to the injection
of a 2-photons state, the circular data to a 3-photons state and the triangular data to a
4-photons state.

of the visibilities grow with the order of correlation M and decrease as the number of
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photons of the injected states increases. This is due to the characteristic of the N-photon
NOON seed, which implies an increase of both the minimum and the maximum of the
fringe pattern proportional to the number of photons N.

7.6 Observations and Conclusions

In this chapter we investigated the features of the field produced by an optical parametric
amplifier working both in a spontaneous and in a stimulated regime. We have shown that
in both cases the oscillation patterns of the generated field presents a sub Rayleigh feature,
typical of two photons NOON states. The amplification of a two photons NOON state
using two different scheme both based on the process of optical parametric amplification
has then be addressed. We proposed to use a collinear optical parametric parametric
amplifier to amplify a 2-photon entangled state, maintaining in the output field the %
pattern of the injected seed. We analyzed the problem theoretically and experimentally
, comparing the amplified with the spontaneous emission regime analyzed in [DSVO0S].
We found experimentally that the two regimes have comparable visibilities, while the
advantage of the stimulated case is a significant increase of the number of photons in the
emitted radiation. We then showed that this device, due to the intrinsic % oscillation of
the radiation emitted by the crystal, cannot be used to amplify a generic N photon states.
We then proposed to use a non-collinear optical parametric amplifier to amplify a generic
NOON state. We showed that the oscillation period of the seed is maintained during the
amplification process and the visibility reaches an asymptotical unitary value when the M-
th order correlation function with sufficiently high value of M is analyzed. Furthermore,
we showed that the amplified field exhibits a high resilience to losses with respect to the

extreme sensitivity of the NOON states.



Chapter 8

Enhanced resolution of lossy
interferometry by coherent
amplification of single photons

In the quantum sensing context most of the efforts to design novel quantum techniques
of sensing has been constrained to idealized, noise-free scenarios, in which effects of
environmental disturbances could be neglected. In the present work, we propose to ex-
ploit optical parametric amplification to boost interferometry sensitivity in the presence
of losses in a minimally invasive scenario. By performing the amplification process on
the microscopic probe after the interaction with the sample, we can beat the losses detri-
mental effect on the phase measurement which affects the single photon state after its
interaction with the sample, and thus improve the achievable sensitivity [VST+10b].

8.1 Quantum sensing

The aim of quantum sensing is to develop quantum methods to extract the maximum
amount of information from a system with minimal disturbance upon it. Indeed, the
possibility of performing precision measurements by adopting quantum resources can
increase the achievable precision going beyond the semiclassical regime of operation
[GLMO04, GLMO6]. The employ of a quantum probe and entangled measurement schemes
in order to estimate a classical parameter can beat the standard quantum limit imposed
on the accuracy of the measurement [Hel76]. In the case of interferometry, this can be
achieved by the use of the so-called NOON states, which are quantum mechanical su-
perpositions of just two terms, corresponding to all the available photons N placed in
either the signal arm or the reference arm. The use of NOON states can enhance the
precision in phase estimation to 1/N, thus improving the scaling of the achievable pre-
cision with respect to the employed resources [BKAT00, Dow08]. This approach can
have wide applications for minimally invasive sensing methods in order to extract the
maximum amount of information from a system with minimal disturbance. Imaging of

163
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Figure 8.1: Scheme for the phase measurement. (a) Interferometric scheme adopted to
estimate the phase (¢) introduced in the mode k,. (b) Interferometric scheme adopting a
single photon and the optical parametric amplifier: the amplification of the single photon
state is performed before dominant losses.

biological samples and of an ancient artifact are examples of situations where it is clearly
beneficial to use as weak light as necessary to achieve a desired level of measurement
precision. In the quantum domain there is an even stronger motivation for minimally
invasive measurements since the back action of the measurement actually changes the
state of the quantum system under investigation. The experimental realization of proto-
cols involving NOON states containing up to 4 photons have been realized in the last few
years [DCS01, WPA 104, MLS04, EHKB05, NOO107]. However these quantum states,
suitable for quantum metrology protocols, result extremely fragile under losses and de-
coherence, unavoidable in experimental implementations. A sample, whose phase shift
is to be measured, may at the same time introduce high attenuation. Because quantum-
enhanced modes of operations exploit fragile quantum mechanical features, such as en-
tanglement, the impact of these environmental effects can be much more deleterious than
in semiclassical schemes, destroying completely quantum benefits [RK07, SC0O7]. This
scenario puts the beating of realistic, noisy environments as the main challenge in devel-
oping quantum sensing. Very recently, the theoretical and experimental investigations of
quantum states of light has attracted much attention, leading to the best possible preci-
sion in optical two-mode interferometry, even in presence of experimental imperfections
[HWDO08, DDDS*09b, MD09, DDDS*09a, KDDW 09, LHL*09].

In this chapter, we adopt an hybrid approach based on a high gain optical parametric
amplifier operating for any polarization state in order to transfer quantum properties of
different microscopic quantum states in the macroscopic regime [De 98a, De 98b]. By
performing the amplification process of the microscopic probe after the interaction with
the sample we can beat the losses detrimental effect on the phase measurement which
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affects the single photon state after the sample. The effect of losses on the macroscopic
field consists in the reduction of the detected signal and not in the complete cancellation
of the phase information as would happen in the single photon probe case, thus improving
the achievable sensitivity.

8.1.1 Evaluation of a phase ¢ with single photons

Let us review the adoption of single photons in order to evaluate the unknown phase ¢,
Fig.1-(a). The phase ¢ introduced in the path k; is probed by sending to the sample
N input photons, each one in the state 27 1/2(|1),, 4 |1),,). After the propagation, the
sample introduces a phase ¢ on the probe beam and each photon is found in the state:
% (|1)4; + € [1);,). The two modes k; and k, are then combined on a beamsplitter (BS)

and detected by (D', D)) with an overall detection efficiency equal to 7. N performed
experiments leads to an output signal equal to I = (D)) —I(D)) = tN cos ¢, whose fluc-

tuations are given by o = (tN )1/ 2. The uncertainty on the phase measurement around the

~1
value 7 can hence be estimated as A@p = <ﬂ> NI = ——, the semi-classical shot noise

e VIN
limit, and the sensitivity of the interferometer can be evaluated as Syphor. = ﬁ = VIN.

8.2 Sensitivity improvement by single photons probe am-
plification

In order to avoid the detrimental effect of a low value of ¢, our strategy involves the
amplification of the single photon probe, Fig.1-(b). In the theory and experiment here
described, the two modes k| and k, correspond to two orthogonal polarizations modes:
horizontal (H) and vertical (V) associated to the same longitudinal spatial mode k. The
input single-photon is prepared in the polarization state: |+) = % (H)+|V)). Af-
ter the propagation over the interferometer, the photon acquires the unknown phase ¢:
lp) = \% (|H)+€'?|V)). The amplification performed by the optical parametric device

generates the output state |D?) = Uppa|@) = cos $|®") +1sin £|P ), where [®@T7) are
the wavefunctions described in Ref. [DSVO08]. Precisely, the state [®) (|~ )) presents a
Planckian probability distribution as a function of photons polarized 7_ (7,) and a long
tail distribution as a function of photons polarized 7, (7_). The two distributions belong-
ing to the state [®1) and |[®~) partially overlap, but become distinct on the border of the
Fock states plane [NDSDO07]. For the state |®?), the average number of photons emit-
ted over the polarization mode 7, is equal to (n) = 7 + sin’ %(3%—1— 1) with 77 =sinh?g
and g the gain of the amplifier, while the average number of photons emitted over the
polarization mode 7_ is equal to (n_) =7+ cos® (37 +1). The previous expressions

lead to a phase-dependent intensity with a visibility V = % — 0.50 for g — oo.
The resilience to losses of such multiphoton fields [DSS09a] renders them suitable for the
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implementation of quantum information applications in which noisy channels and low de-
tection efficiency are involved. We consider the case in which the losses are unavoidable
during the detection process, and happen after the single photon amplification (Fig.8.1).
After the propagation over a lossy channel, the state evolves from |®?) (®?| into a mixed
state ﬁ,‘f . For details on the explicit expressions of the coefficients of the density matrix
;5,? refer to [DSS09a].

8.2.1 SPCM measurement strategy

After the amplification stage and the transmission losses, the received field is analyzed
through single photon detectors (D}, D5) in the {7, 7_} polarization basis. Our aim is to
compare the achievable sensitivity with and without the optical amplifier (g = 0). To take
into account experimental imperfections, we divide the losses ¢ in two contributions: the
first one includes all the losses between the sample and the optical amplifier (p), while
the second parameter takes into account all the inefficiencies up to the detection stage
(n): t = p x n. Our strategy cannot compensate for losses that occur before the amplifier
(p), but can compensate for large (even very large, if the gain is high enough) losses after
the amplification (1). A first insight on this property of the optical parametric amplifier
has been given in Ref.[LBL™] by analyzing the signal-to-noise of the amplification of a
coherent state signal in lossy conditions. The sensitivity S, obtained by measuring
the difference (D) = (ny) — (n_) intensity signals provided by the detectors around the
phase value ¢ = %, is found to be:

\/ﬁpnc
{n?pn(4c+2)+2nc]+n [pc-l—2ﬁ]}1/2

Sampl. = (8.1)
with c =2n+1.
Let us first consider the case p = 1: figure 2-(a) reports the logarithm of the enhancement

Sampl.
N 1phot.
in the number of photons sent onto the sample in order to obtain the same information

on the phase @, by exploiting the amplification strategy with respect to the single-photon
probe scheme. As it can be observed in figure 2-(a), a large improvement can be obtained
in the regime of high losses and large gain of the amplifier. The motivation of such be-
haviour is the following: the present approach allows to increase the number of detected
photons by a factor 47 with respect to the single photon case keeping a visibility of the
fringe patterns reduced only to 50% (for g — o0). In figure 2-(b) we report the trend of the
enhancement as a function of the non linear gain g, for different values of the detection
efficiency 1 = 0.05 (green continuous line) and n = 0.1 (black dashed line). We observe
that, even for high value of 1, an enhancement greater that 1 can be obtained.

Consider now the case p # 1. For large values of the gain g the enhancement saturates
to the value: Ej;, = m (contour plot in figure 2-(c)), we can then identify a critical

n

value of p above which the enhancement is greater than 1 : p,i; = =27 Forn > 0.33 no

of the squared sensitivity £ = ( > versus g and 7). E represents the reduction factor
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enhancement can be achieved by exploiting the amplification strategy (see figure 2-(d)).

Experimental implementation

The previous theoretical predictions have been experimentally tested by adopting a high
gain optical parametric amplifier with a maximum gain g = 4.5, see figure 8.3. The single
photon probe is generated by a BBO non linear crystal (C1) on spatial mode k; together
with an entangled photon on spatial mode k7. The overall singlet state produced by C1
is obtained through the spontaneous parametric amplification process, consisting in the
annihilation of a pump photon at wavelength (wl) A, = 397.5nm followed by the creation
of twin photons, orthogonally polarized, at wl A = 795nm. The overall pump beam is
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7
6
5) E®
w 4 ------
S 3L e
2
1 -
0 1 2 3 4 5
g
© @ 10 —
E>1
0,81 E increases
s 0,6 \
2 =
3" 2’ 041
0,2
E<1
0,0 T T T T T T
0,00 0,08 016 024 032 040 048
Log(n) "

Figure 8.2: (a) Logarithm of the enhancement versus the non-linear gain g and the trans-
mittivity of the lossy channel 7 in the perfect case, in which the losses between the phase-
shifter and the amplifier are neglected (p = 1). (b) Trend of E as a function of the non lin-
ear gain for different values of the efficiency 1 = 0.1 (green continous line) and 1 = 0.05
(black dashed line), in both cases p = 1. (¢) Contour plot of the enhancement as a fuction
of the logarithm of p and 1. The lighter region corresponds to E > 1, the darker one to
E < 1. (d) Non ideal case p # 1 : trend of the injection probability critical value for which
E > 1 as a function of the detection efficiency.
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Figure 8.3: Experimental setup of the QI-OPA based interferometric scheme. An intense
pulsed pump beam of P = 750mW and A = 397.5nm is generated by a Ti:Sa laser sys-
tem. The pump beam is split between modes k, and k;). In the first BBO crystal (C1),
a single photon state in the |+); is prepared upon detection on mode ky with a single-
photon SPCM-AQR 14 detector (D7 ). Then, the phase ¢ is introduced through a Babinet-
Soleil compensator (B) and the probe state |@) after the interaction is then injected in
the QI-OPA and superimposed with the pump beam on mode kjp. Spatial and tempo-
ral matching are obtained through an adjustable delay line (Z). (a) Measurement scheme
based on detection of the average of the photon number difference D = 7, —A_. After
fiber polarization compensation (C), the output field undergoes controlled losses through-
out a tunable attenuator (L). Then, the field is analyzed in polarization and detected with
two SPCM-AQR 14 detectors (D, D7) (b) O-Filter based detection scheme. After fiber
polarization compensation (C), the output field undergoes controlled losses throughout a
tunable attenuator (L). Then, the field is analyzed in polarization and detected with two
photomultipiers (PM;,PM;). The photocurrents are shot-by-shot processed by an elec-
tronic device (O-Filter), whose action is described in the text and in Ref.[DSVO08].

generated by a Ti:Sa laser system, consisting in a Ti:Sa modelocked MIRA900, pumped
by a Verdi V5 Nd:Yag solid state laser. The output beam from the MIRA900 is injected
into the Ti:Sa REGA900 amplifier, pumped by a Verdi V18. The overall laser system
allows to obtain a 1.5W output beam at wavelength A = 795nm, that, after a a double
harmonic generation process, generates the experiment pump beam at wl A, = 397.5nm
of power P = 750W. This beam is split into two parts, a smaller one impinges into C1
and the higher one is directed towards the amplifier crystal C2 superimposed spatially and
temporally with the single photon probe after the interaction with the sample (simulated
by the babinet B(¢) in figure 8.3). The number of photons generated in the amplification
process, as said, depends exponentially on the non linear of the amplifier g. The maximum
value of g experimentally found is gux = 4.5.

The output radiation was then coupled with a single mode fiber and detected with
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Figure 8.4: Trend of counts detected by Dy, D7 as a function of the normalized intensity
signal impinging o the amplifier, working in a spontaneous (not-injected) configuration.

single photon detectors. Additional controlled losses were introduced by adopting neutral
optical filters. The amplified state is then analyzed in polarization and detected by two
single photon counting modules SPCM, D; and D in figure 8.3-(a). The resulting signals,
triggered by the click of detectors Dr,D7 on mode k7, are hence subtracted and the
difference in the number of photons D is recorded as a function of the phase @, varied by
the Soleil-Babinet compensator B(¢) on the probe path.
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Figure 8.5: Experimental fringe pattern for the single photon probe (left) and for the
amplified beam (right).

For the sake of simplicity we consider to work in the single photon counting regime;
in order to describe the detection apparatus in a linear regime, the following condition
for the average number of detected photons must be satisfied n(ny) << 1. We found
experimentally a value of p equal to 0.15 due to spatial and spectral mismatch between
the injected single photon and the ultraviolet pump beam (k;). The output fringe patterns
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have been recorded for different values of the gain g and hence of the generated number
of photon in the amplifier. In the extreme condition with § = 3% 10~ and g = 4.5 we
observed an enhancement of a factor ~ 210, as shown in figure 8.6, in which is reported
the trend of E as a function of the amplifier gain, compared with the theoretical prediction.

100+

104

Enhancement

Figure 8.6: Experimental results of the enhancement E versus the non-linear gain. Contin-
uous line: theoretical prediction for the expected enhancement with 7 =3+ 1074, p=0.15

Fisher Information and optimality of the performed measurement

We now discuss the optimality of the measurements performed on the multiphoton state,
in order to extract the maximum information about the phase ¢ codified in the optical
field. This quantity is expressed by the quantum Fisher Information [Hel76, Par09], de-
fined as H(@) = Tr[p?Ly]|, where Ly is the symmetric logarithmic derivative dpp? =

m and P? is the density matrix of the state in which the phase is codified. The
quantum Cramer-Rao bound [Hel76] quantifies the maximum precision achievable on the
estimation of the phase ¢ optimized over all possible measurements as: A%¢ > 1/H ().
In the high lossy regime 71 (n1) < 1, the single photon amplified states lead to a quantum
Fisher Information equal to H,,,; (@) ~ 2nan p(1 + p~ )71, to be compared with the single
photon case, which gives Hj ,u, (@) = 1 p. This result allows to investigate the optimality
of the counting measurement strategy. The sensitivity achieved with this scheme, given by
Eq.(8.1), can be written in the high lossy regime as SZmpl = (A’Q) ' ~2nmp(14+p~ 1)1,

thus saturating the Cramer-Rao bound and ensuring the optimality of this scheme in the
high lossy regime.



Sensitivity improvement by single photons probe amplification 171

8.2.2 OF measurement strategy

As more sophisticated strategy, it is possible to elaborate an approach which leads to
higher visibility of the detected fringe patterns at the cost of a reduced detection rate
of the signal: the output radiation is measured in polarization with two linear detectors,
for instance photomultipliers. The intensity signals generated by the detectors propor-
tional to the orthogonally polarized number of photons, are compared shot-by-shot by
the orthogonality-filter (OF) electronic device introduced in Ref. [DSV08]. When the
number of photons ¢, detected in the 7, polarization, exceeds ny, , detected in the 7y |
polarization, over a certain adjustable threshold k, i.e. m¢y —ny, > k, the (+1) outcome is
assigned to the event and the state |®?) is detected. On the contrary, when the condition
ne, —me > kis satisfied, the (1) outcome is assigned and the state |P¢~) is detected. Fi-
nally, an inconclusive result (0) is obtained when the unbalance between detected pulses
does not exceed the threshold k. As the gain is increased, the number of transmitted
photons 71 (n) becomes sufficient to detect all the N repeated trials. In the high losses
regime, at variance with the single-photon case, all pulses can be exploited to extract in-
formation about the phase ¢. The action of the OF is then to select those events which
can be discriminated with higher fidelity, leading to an increase in the visibility, at the
cost of discarding part of the data. According to these considerations, the “detection”

Enhancement

Figure 8.7: Experimental results of the enhancement E versus the signal rate, the contin-
uous line reports the theoretical prediction for p = 0.14, n = 0.005.

efficiency of the scheme, i.e. the percentage of detected events, is given by the average
signal 7 = Ryyeqn (k) filtered by the OF device. This parameter 1 corresponds to the over-
all efficiency of the amplification-OF-based detection scheme. We calculated the phase

IRor(@) |
I
The minimum uncertainty is achieved for ¢ = 7. The resulting sensitivity averaged over

N trials is thus Sor = V/Rmean VVN. This expression shows that the phase fluctuations

measurement uncertainty through the standard definition Apor = ARor (@) ’
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no more depend on the efficiency 1 of the channel, but only on the average percentage of
detected pulses R;eqn-

We have experimentally tested the enhancement obtained by the OF strategy. We re-
port in Fig. 8.7 the experimental trend of the enhancement as a function of the signal
rate compared with the expected theoretical trend (p = 0.14,11 = 0.005). In the adopted
apparatus the single photon fringe pattern shows a visibility ~ 50% due to the generation
of more than a single photon pair by the first non linear crystal adopted as the heralded
single photon source. This seed visibility value is also responsible for a reduction of the
amplified state visibility and has been taken into account in the comparison between the
two strategies. By comparing the enhancement obtained through the counting and the OF
based detection methods we can conclude that the first one allows to achieve an higher
enhancement.



Chapter 9

Interaction between the QIOPA field
and a Bragg BEC Mirror

In this chapter we address the adoption of the multiphoton states produced by the opti-
cal parametric amplifier for the implementation of a light-atom interaction protocol. It
exploits the process of nonresonant scattering by a properly shaped Bose—FEinstein con-
densate (BEC)[IWS99] of an externally generated multi-particle quantum photon state, a
”macro-state” |®), in order to create a joint atom-photon macro-state entangled by mo-
mentum conservation.

Light scattering from BEC structures has been used so far to enhance their non—linear
macroscopic properties in super—radiance experiments [ICSK199], to show the possibil-
ity of matter wave amplification [MKTS"99] and non-linear wave mixing [DHW*99].
In the present chapter we intend to discuss the linear coherent scattering, i.e. the re-
flection by a multilayered BEC of a large assembly of nearly monochromatic photons
generated by a high-gain ”quantum-injected” Optical Parametric Amplifier (QI-OPA) in
a Einstein-Podolsky-Rosen (EPR) configuration [De 98a, DS05]. In chapter 3 it has been
demonstrated experimentally that the optical macrostate |®) generated by the QI-OPA
can be entangled with, i.e. non-separable from, a far apart single photon state belonging
to the injected EPR pair [DSV08], thus resulting highly resilient to the decoherence due
to losses [DSS09a]. In this chapter we address the possibility of extending this condition
to the mechanical motion of an atomic assembly by making the photonic macrostate |®)
to exchange linear momentum with a high reflectivity BEC optical mirror, here referred
to as a "Mirror-BEC” (M-BEC).

9.1 Bose Einstein Condensate (BEC)

Bose Einstein Condensate (BEC), whose concept can be dated back to the works of Bose
and Einstein in 1924 [Bos24, Ein24], has been first observed in laboratory by Anderson
et al. [AEM95] and Davis et al. [DMA™95] in 1995. In both cases the systems un-
der investigation were vapors of alkalis atoms, rubidium and sodium respectively, whose

173
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characteristic features made them suitable for optical laser-based manipulation methods.
Indeed laser cooling and trapping techniques had been developed during the 1980s and
became the key point for the preparation of BEC systems. By combining laser and evap-
orative cooling for alkalis atoms the required density and temperature for observing the
BEC transition can be reached. In these condition the BEC system is in a metastable
state, whose lifetime is sufficiently long because the three-body collisions can be consid-
ered negligible in dilute and cold gases.

The trapped Bose gases are inhomogeneous and finite size systems, whose number of
atoms ranges between few thousands and several millions. In most cases the confining
traps are well approximated by harmonic potentials, whose trapping frequency wy, gives
the characteristic length for the system a,, = (i/(m@y,))*. An important property of
these systems is the big variation that occurs on this scale and that renders them highly
inhomogeneous. The inhomogeneity of BEC systems is responsible for different conse-
quences. Firstly the BEC shows up not only in momentum space but also in coordinate
space. Another consequence is the role played by two-body interactions: despite the di-
lute nature of the condensate, the atom-atom interactions are enhanced on the measurable
quantity, such as the condensate density, by the combination of the BEC and the harmonic
trapping potential.

The behavior of BEC systems can be described by the Gross-Pitaevskii theory, which is
a mean-field approach for the order parameter associated with the condensate that repro-
duces the typical properties exhibited by the superfluid systems (propagation of collective
excitations, interference effects originated by the phase of the order parameter).

9.1.1 The ideal gas of non-interacting bosons

The magnetic traps for alkalis atoms act as confining potentials which can be safely ap-
proximated with quadratic form:

m

Vext<r ) = 5

If we neglect the atom atom interactions, the many-body Hamiltonian is the sum of single

particles harmonic oscillator Hamiltonians, whore eigenvalues have the following form:

1 1 1
Ennyn, = (nx + 5) ha, + (ny + 5) h(Dy + (l’lz + E) ho, (9.2)

where {n,,ny,n;} are non-negative integers. The ground state of such a system correspond
to the product of the N single particle states in the lowest accessible energy level (n, =

ny=n;= 0): (P(I‘l,l'z...I'N) = Hi (p()(l‘i) where

(022 + ofy* + 0?2%) 9.1)

o\ 3/4
oo(r) = (") exp |5 (@ + 0 + 0] 9.3)

being @y, = (0, @,®,)'/3. The density of the condensate can then be written as n(r) =
N|@o(r)|?, and its value grows with N, while the the condensate dimension is independent
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of N and is fixed by the harmonic oscillator length aj,, = ( L

my,
tal value of ay,, is about 1um, resulting in a typical size of the trapped condensate smaller

than the thermal atoms one. At finite temperature part of the atoms will also be thermally
distributed in the excited states at higher energy, as said the radius of the thermal cloud
is larger than ay,. It can be estimated by assuming kgT > h@y,, and approximating the
density of the thermal cloud with the Boltzmann distribution n,j, o< exp [—Vex (r)/ksT],

kT
ha)h[,

larger than ay,. The above discussion shows that the Bose Einstein Condensation shows
up with the appearance of a sharp peak in the central region of the density distribution.
It’s worth noting that the Fourier transform of the ground state wavefunction is still a
gaussian centered at zero momentum and whose width is proportional to a;ol. Analo-
gously the thermal distribution in the momentum space results broader and its width is
proportional to (kBT)l/ 2. The appearance of a narrow peak both in the coordinate and
in the momentum space is a peculiar feature of a trapped Bose gas, in contrast with what
happens in the uniform gas case, in which the condensate cannot be revealed in coordinate
space since the condensed and non condensed particles fill the same volume. In order to
observe the condensate experimentally both the spatial and the velocity distribution can
be determined by dispersive imaging [AMv196] and absorption methods [AEM 93] re-
spectively.

The symmetry of the condensate is fixed by the shape of the confining field. In the
case of an axially symmetric trap, one can define an axial coordinate z and a radial one
ri = (x*+y*)"/2, with the relative frequencies: @. and @, = @, = ®,. The asymmetry
of the trap is fixed by the ratio A = a%, for A < 1 the shape of the trap is a cigar, otherwise
it is a disk. In this case the ground state of the noninteracting bosons can be written as:

> . The typical experimen-

where Ve =1/ 2mcoﬁ0r2; the width of the gaussian is then R7 = ay, < and hence

(r) e { 1 (11 + 21 2)} (9.4)
= ———5expy ——= .
(PO 7[3/4a:j{2 D zai 1 Z

1/2
wherea, = (thL> is the harmonic oscillator length in the Xy plane and @, = A-1/3 Wp-

The use of an axially symmetric trap allows to observe an important signature of BEC sys-
tems. Indeed in this case the aspect ratio is:

\2) _ 9.5)

(pt)

resulting fixed by the asymmetry parameter of the trap. This means that during the ex-
pansion the condensate cloud becomes an ellipse, while if the atoms were in a thermal
state the shape of the cloud would be isotropic in momentum space. The occurrence of
an isotropy in the the condensate peak has then been interpreted as a signature of BEC
[AEM 195, DMA195].
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9.1.2 Trapped bosons at finite temperature

At finite temperature the total number of particles and the total energy of the bosons
system are given by:

N = Y {exp(Blenmm —1) -1} (9.6)
E = Y &nun {exp(BlEnmn —1)— 1} 9.7)

where U is the chemical potential and 8 = kBLT The number of condensed particles Ny

becomes macroscopic, i.e. of the order of the total number of particles N when the chem-
ical potential becomes equal to the energy of the lowest state: yu — . = %hw, being
o = (0, + w,+ w;)/3. In this case the number of atoms in the excited states can be

written as: |
N — NO =
nx%;nz eXp(Bh(wan + a)yny + wznz)) — 1

Assuming that the level spacing becomes smaller and smaller when N — oo, the sum can
be replaced by the integral:

(9.8)

dnydnydn,

M=M= /0 exp(Bh(wwny + oyny + ogng)) — 1 O

this approximation is supposed to be good when the number of trapped atoms is large and
kT >> hwy,. In this way it is found:

N—Ny=£&(3) (kBT>3 (9.10)

h wy

where {(n) is the Riemann function. By imposing Ny — O at the transition, it can be
found the expression for the critical temperature TCQ:

1/3
kaT? — o, (ﬁ) — 0.94h0,,N'/3 ©.11)

The T dependance of the condensate fraction for T < T2 is then:

3
% —1- (%) (9.12)
c

From the previous analysis it turns out the existence of two relevant scales of energy for
the ideal gas: the transition temperature kpT.? and the average level spacing /i@y,. The
former can be greater than the second, from 20 and 200 times larger depending on the
number of total atoms. The frequency of the trapping potential @y, /27 is fixed by the
trapping potential and ranges typically from tens to hundreds of Hertz. This gives i@y,
of the order of few nk.
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9.1.3 Effects of interaction: the Gross-Pitaevskii equation

The many body hamiltonian describing N interacting bosons reads:

2
A= / dr'¥’(r) [—j—mvz + vex,(r)] ¥(r) + % / drdr ¥ (0) ¥ (0 )V (r =1 )P (r ) ¥(r)
(9.13)
where V,,, is is the confining potential, V (r — r/) is the two-body interatomic potential,
and ¥(r), ¥’ (r) are the annihilation and creation bosons field operators. This hamiltonian
can be treated in the mean field approach, under the approximation of dilute gas. The key
point consists in separating out the condensate contribution to the bosonic field operator:
¥(r) = Yo Pa(r)ag, whereWq(r) is the single-particle wavefunctions and aq are the
corresponding annihilation operators, defined in the Fock space as:

ajx|no,n1,...na,...> = /ng+1|ng,ni,...,ng+1,...) (9.14)
aglno,ny,..ng,...) = /nglno,ni,...ng—1,...) (9.15)
(9.16)

and for which the usual commutation rules hold:
(ag,af] =8y, laa,ap] =0, [af,a5) =0 (9.17)

Bose Einstein condensation occurs when the number of particles in a particular single-
particle state becomes macroscopic ng = Ny >> 1, and the ration Ny/N remains finite
when N — oo. In this limit the states that differ for one particle become indistinguishable
and correspond to the same physical configuration, the operators ag and ag can then be
treated as numbers ag = az; = /Np. For a uniform gas in a volume V, BEC occurs in the
single particle state Wy = 1/4/V having zero momentum, and the field operator can be
decomposed: W' (r) = /No/V + ‘f’/(r). By treating 9 as a small perturbation, Bogoli-
ubov developed the first order theory for the excitations of interacting Bose gases.

The generalization for the non-uniform and time dependent configuration is given by:

A

Y(r,t) = d(r,1) + P (r,1) (9.18)

where ®(r,7) is a complex function defined as the expectation value of the field operator:
®(r,t) = (¥(r,r)). The condensate density is given by no(r,7) = |®(r,?)|*. The function
®(r,t) has the meaning of an “order parameter” and is called “wave function of the con-
densate”.

In order to derive the equation for the condensate wave function, one has to write the time
evolution of the field operator ¥(r,?):

. . n*v? re VS BN
Y(r,t)=[V,H] = | ——— 4 Veu(r) —|—/dr (e, )x V(e —r)¥(r,r)| ¥(r,1)

2m
(9.19)

0

ih—
t
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By substituting the operator ¥ by the classical field ® and by observing that in dilute
cold gases only binary collision at low energy are relevant and are characterized by a
single parameter (the s-wave scattering length a) V (r’ —r) = g6 (r’ —r), one can write the
Gross-Pitaevskii (GP) equation:

n )= (v () 4 gl b)) drr) (9.20)
—®P(r,t) = ———— + Veu(r r, r, .
TR 2m ! &
where g is related to a through:
4mh?
g=-217 9.21)
2m

The validity of the GP-equation is based on the condition that the s-wave scattering length
is much smaller than the average distance between atoms and that the number of atoms
in the condensate is much larger than 1. These conditions can be parameterized by the
relation 77jal> << 1, where 7 is the average density of the gas. In this case the system is
said dilute or weakly interacting. It’s worth noting that the weakness of the interaction is
not directly connected with the one of the effects. Indeed the effects have to be compared
with the kinetic energy of the atoms in the trap. The interaction energy on the ground
state of the harmonic oscillator is given by Ej,; = gNn o< Nzlui', on the other hand the
kinetic energy is of the order of Ny, then the parameter explroessing the ratio between
the atom-atom interaction respect to the kinetic energy is:

Eim‘ N|a’
o<
Ekin Aho

(9.22)

This expression can be larger than 1 even if 7zja|® << 1, so that also very dilute gases can
exhibit a non-ideal behavior.

9.2 BEC in an optical lattice

In order to trap a condensate in a periodic rather than a harmonic potential, the interference
pattern created by two overlapping beams can be exploited [MOO06].

Optical lattices as optical traps are based on the Stark shift effect: when an atom is placed
in a light field, the oscillating electric field of the latter induces an electric dipole moment
on the atom, whose interaction with the field itself leads to an energy shift of the atomic
level AE = —%Oc(a)) (E*(t)), where 0t(®) with ® = @yes+ A is the dynamic polarizability
of the atomic level, exhibiting a resonance at @,.s. A is the detuning of the light field from
the resonance and if A < 0 (red detuning) the induced dipole D = o/(@)E will be in phase
with the electric field. This means that the resulting potential energy will be such that
its gradient points in the direction of increasing field. A stable optical trap can then be
obtained by simply focusing a laser beam to a waist of size w. If the cross section of
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the beam is gaussian, the resulting position dependent Stark shift and the corresponding
atom’s potential will be:

AE(r,z,) = V(rz)=Vyexp <_2_r2) (9.23)
)% Y W[Z]Z
2
wi = woy/1+ (i> (9.24)
ZR

where Vj o< I, /A is the trap depth, with I, the peak intensity of the beam, and wy and
R = W%ﬂ' /Ay are the spot size and Rayleigh length of the Gaussian beam.

If we take two identical laser beams of peak intensity /, counter-propagating with parallel
polarizations, they will create an interference pattern with a distance A;/2 between the
two maxima or minima of the resulting light intensity. The potential seen by the atoms is
then:

V(x) = Vgcos*(nx/d) (9.25)

where the lattice spacing is d = A /2 and V) is the lattice depth, which is often measured
n’n?

in units of the recoil energy Eg = 57

by using the dimensionless parameter s = V;y/Eg.

9.3 Interaction between the QIOPA e the BEC-Mirror

Let us address now the experiment proposal for a light-atom interaction protocol, involv-
ing the QIOPA field and a BEC shaped as a Bragg mirror. The multiphoton nature and
the high resilience to losses of the states introduced in chapter 3 can indeed be exploited
for an efficient coupling with the atomic system.

The layout of the proposed experiment is then reported in Figure 9.1, and shows the
QIOPA setup interacting with the mirror BEC. Let us recall briefly the features of the
QIOPA setup: an EPR optical parametric amplifier, provided by Crystal 1, of a polariza-
tion entangled (w—entangled) pair of photons launched towards two distant measurement
stations, here referred to as Alice (A) and Bob (B) [DSV08, NDSDO07]. One of the EPR
photons emitted towards the Bob’s site is injected into the QIOPA which generates a cor-
responding macrostate |®). The device operates in the collinear regime and amplifies with
a large ”gain” any injected single photon in a quantum superposition, i.e. a qubit |@),,
into a large number of photons, .4 ~ 10°, associated with a corresponding macro-qubit
|®?),, emitted over the same injection mode k;. These macrostates are then selected
by a polarizing beam splitter (PBS) and drive the mechanical motion of the Mirror-BEC.
Since these states are found to be entangled with the far part single-photon emitted over
the mode k; and detected by Alice, the same entanglement property is then transferred to
the position-macrostate of the optically-driven Mirror-BEC (TR inset).
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Figure 9.1: Layout of the QI-OPA + Mirror BEC experimental apparatus. The upper left
(UL) Inset shows the interference patterns detected at the output of the PBS shown in the
UR-Inset for two different measurement basis {+,—} and {L,R}. Alternating slabs of
condensate and vacuum are shown in the lower left (LL) Inset. A more detailed account
of the Inset UR is given in Fig.3.

9.3.1 BEC mirror via Bragg reflection

Let us now describe the structure of the M-BEC and its interaction with light. The dy-
namics of a BEC loaded in a trap formed by a cylindrically symmetric harmonic potential
(either an optical trap or a magnetic trap) with an optical standing - wave (SW) aligned
along the symmetry axis, may be described by the Gross-Pitaevskii equation [Dal99]. If
the trap is very elongated the ground state consists of an array of disks spaced by half the
wavelength A with a longitudinal size Rj o< A/ s—1/* with s being an adimensional parame-
ter describing the height of the optical lattice in terms of the recoil energy Eg = h? /2mA>.
The transverse size R | is dictated by the strength of the magnetic trap and by the number
of atoms in the condensate N,; [PPST01]. The number Np of the disks is also fixed by the
strength of the magnetic trap in the longitudinal direction and by N,,. Typical numbers
are Np ~ 200, Ny ~ 100 with R| ~ 10um [MOO06]. By choosing s it is then possible to
prepare an array of disks with a longitudinal size of R; = % spaced by ’21: Figure 9.1 (Inset
LL).

Releasing the condensate from the combined trap, the spatial periodic structure is ini-
tially preserved as long as the spreading disks do not start to overlap and interfere, and
eventually leads for longer expansion times to a structure that reflects the momentum dis-
tribution of the condensate. Both regimes are fundamental to our proposal. If we expose



Interaction between the QIOPA e the BEC-Mirror 181

4 10-2

1 10¢

1 10%

770 780 790 800 A (nm)

Figure 9.2: (a)Normalized amplitude of the beam reflected by the Mirror BEC in the
proposed experimental conditions. In the inset it is shown the normalized amplitude in
the first 10 us. b)Reflectivity of a patterned BEC as a function of wavelength. In the inset
is shown the reflectivity around resonance

the expanding condensate aligned along the symmetry axis of the harmonic trap to an op-
tical beam with frequency w— wy = A largely detuned from the atomic resonance @y, the
dominant scattering mechanism is Rayleigh scattering [ICSK™99]. The dynamic evolu-
tion of the system in this regime is described by the 1-D CARL-BEC i.e. Gross-Pitaevskii,
model generalized to include the self-consistent evolution of the scattered radiation am-
plitude [BCC*"04, DSB*06, MZM99]:

oY K 0*y

zW = —%a—xzqtig {a*ei(zkx_St) —c.c.}‘P (9.26)
d ‘
67? _ gN/dx|1P|Zez(2kx76t) _ xa. 9.27)

with a = (gV /2hay)'/?E; the dimensionless electric field amplitude of the reflected
beam with frequency @, g = (Q/2A)(wd?/2heyV)!/? the coupling constant, and Q the
Rabi frequency modulation of the optical beam, d = & - d is the electric dipole moment of
the atom along the polarization direction € of the laser, V is the volume of the condensate,
N is the total number of atoms in the condensate and 6 = @ — @s. The last term in right-
hand side of Eq.(9.26) represents the self-consistent optical wave grating while the first
term in the right-hand side of Eq.(9.27) represents the self-consistent matter-wave grating.
Eq.(9.27) has been written in the “mean-field” limit, which models the propagation effects
by a damping term where kK =~ ¢/2L and L is the length of the condensate. Let us focus
on the amplitude of the reflected beam. We have integrated numerically the Equations
(9.26,9.27) with the experimental parameters (given above) of a typical condensate and
with the optical parameters for the output of the QI-OPA. As shown by Figure 2, the
amplitude of the reflected optical beam drops as the matter wave grating is deteriorated
by the interaction with the light beam. However, during the time duration of a QI-OPA
pulse (typically 1 ps) no significant reduction is observed (inset of fig.9.2-(a)).
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The above result leading to the dependence on @ of the M-BEC reflectivity has
been found consistent with a less sophisticated model of the process based on a classi-
cal model for a Bragg mirror. The reflectivity of this one composed by 2Np alternating

2ND_ 2
layers with refraction index ng ~ (14 ¢€) is: R = (”gND+i) ~ N%SZ.FOI‘ a 2-level atom
g
3
€= 37”/// 4%1 ('2 A>2 being .# = (2’1—ﬂ> g is the rescaled density, I" the atomic linewidth
+{°1

and A the detuning from resonance. In a rubidium BEC: I"' ~ 6 MHz and typical densities
are IVV = 10"¥cm 3. Combining all the previous equations and assumptions we obtain the
graph Fig:2-(b). The inset of this Figure shows that around the atomic resonance with a
bandwidth Av, ~ 8GH?z the reflectivity of the patterned BEC is essentially unity, a more
careful model should take into account a quasi sinusoidal modulation of the refractive
index due to the atomic density distribution in the Thomas—Fermi approximation. This
bandwidth, three orders of magnitude larger than in other proposals [AL06] is instrumen-
tal to the proposed experiment sketched in the right inset of Fig.1. A first estimate of
the experimental parameters of the QIOPA system results in a NL gain g = 6 — 7 corre-
sponding to a number of generated photons ~ 10° — 10°. Since the spectral width of the
QI-OPA generated beams is AL ~ 0.75nm, corresponding to a linewidth Av ~ 350GHz,
about the 3% of the incoming photon beams will be totally reflected by M-BEC. This
will corresponds to a number of active photons N’y (@) = (Av,/Av) X N1 (@) in the range
(10% — 10%). The ratio between the linewidths relative to the absorption (few MHz) and
to the reflection process is >~ 0.1% hence the mean number of absorbed photons is about
one per pulse, it follows that the excitation of atoms can be considered negligible during
the interaction process. At last, in the future we plan to use a different laser source with
a longer pulse duration followed by a periodically-poled crystal amplifier. In such a way,
it would be possible to obtain a high NL gain value and radiation fields with a bandwidth
of ~ 10GHz.

9.3.2 Measurement of nonlocal correlations.

In order to observe the recoil effects of the M-BEC, the condensate has to be released
from the optical lattice that shapes it. This can easily be done by shutting off the lasers
light that provides the SW. Typical expansion velocities for a BEC are of the order of
1 nm/us which leaves at least 50 us before the pattern gets significantly spoiled. Let’s
investigate the different evolution of the BEC motions relative to the impinging field.
Consider the case in which the multiphoton field is prepared in the state |®T) (or, alter-
natively: |@)) on the spatial mode k. The state can be written as: [®7); = [¢T)1|E )
(@)1 =0 )1|ET)1), where [¢T) (|¢)) is the wavefunction contribution with polariza-
tion 7, (7_) and |&)~(|€)™) is the contribution with polarization 7_(7;) . The number
of photons associated to |¢) is dominant over the one associated to |£), as said,. The
multiphoton state |®T); (]®7);) is sent, through a single mode fiber, toward the BEC
condensate. There, a A /2 waveplate and a polarizing beam splitter direct the two polar-
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Figure 9.3: Left:Interaction between the amplified field and the Bragg Mirror BEC. The
Faraday Rotators (FR) allows the recombination the reflected field on mode k,,;. Indeed
the field with polarization my transmitted by the PBS on mode ky, passing through the
first FR at 22.5°, becomes 7, polarized. After the reflection by the Bragg Mirror its
polarization is again rotated and becomes 7y: the field exits on mode k,,;,. A similar
argumentation holds for the field polarized 7y. Right:comparison between the expected
populations of the first order momentum peak (around 1% of total atoms) and the minus
one momentum state after the interaction. The dotted (triangles) line represents the profile
of the +2/k momentum state before interaction with the QIOPA pulse, continuous line
and dotted (circles) line the +2hk and —2h#k momentum state profiles after interaction,
respectively. Both heating and collisional effects have been neglected (see text).

ization components 7 and 7 over the two spatial modes ky and kp: the macrostate
|®T); (|P7)1) evolves into [¢)y|E " )p (|ET )y |9~ )p): Figure 3. Then, the two counter-
propagating fields are focused on the opposed sides of the cigar-shaped M-BEC. Thanks
to the large reflectivity of the Bragg structure, an efficient coupling is achieved between
the multiphoton fields and the atomic cloud. While the back-scattered light pulse changes
direction of propagation (U = D,D = U), the M-BEC acquires a momentum kick in
the opposite direction to the major photons contribution [¢*)p (|¢~)p). Hence, after
the interaction the overall light-matter state can be written as: |0 )p|&E ™)y |PY)pec (
1EDV Do)V u|PP)sEc) where [PY) gec (J¥P)Ec) stands for the BEC that recoils in the
direction ky (kp). Two Faraday rotators inserted into the Sagnac-like interferometer al-
low the recombination of both the reflected fields {|¢)p,|E v} (|ET)p, |9 )u}) on
the mode koyr leading to the output state |®T) oyr [PV ) gec (|27 ) ovr |¥PP)BEC).

In the analysis above, |¥) ggc represents the state of the interacting portion rather than
of the overall BEC system. Indeed the interaction with the QI-OPA pulse does not shift
the BEC as a whole but only the atoms which get the momentum kick by the imping-
ing photons. This mechanism of momentum transfer between light and atoms has been
experimentally investigated in different works [CLM 05, ARC"06]. For a generic in-
put photon macro-state |®?), the resulting momentum exchange due to any elementary
interaction will cause the spatial “displacement” of the M-BEC depending on the phase
¢ encoded in the far apart Alice’s qubit, Since the spatial displacement of the M-BEC
after the interaction with the QI-OPA pulse is too small to be directly detected, a stan-
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dard "expansion imaging” technique will be adopted [IWS99]. The velocity acquired by
the M-BEC is N%v,, where v, is the condensate recoil velocity of rubidium (in this case
around 5 mm/s). This is visible during expansion where, due to the quantized nature of
the momentum transfer, it appears as a transfer of atoms from the lower momentum state
to a higher momentum state. Precisely, the normal momentum distribution of the M-BEC
is made of sharp peaks centered around zero. Because of the photon-atom collisions a
large number of atoms, for a total N, (@), will be transferred from the generic momen-
tum state n2h/A to the successive state (n+1)2h/A. The momentum state distribution
then becomes asymmetric as reported in Fig. 3-(Right). There we show the result of a
numerical simulation of the population transfer from the zero momentum to the fist or-
der momentum state, and we compare the population distributions after the interaction
relative to the —2Ak and +7k momentum states. A preliminary experimental test on a
sample M-BEC with a classical light beam indeed showed a marked shift of the atomic
momentum distribution due to light collision and a reflectivity in the range 0.5 —0.9 .
As a further improvement to this scenario, in the experiment only the largest, most effi-
cient optical pulses could be singled out by a ultra-fast electro-optical switch placed at the
output of the QI-OPA [SVGT08].

9.4 Observations and Conclusions

In conclusion, the entanglement structure of |X) k1 k2 Will imply the coherent displacement
of the M-BEC system, depending on the phase ¢ of the single photon-measured by the
far apart Alice’s apparatus. The correlation measurements could be carried out by de-
tecting the reflected light in different polarization basis and by observing the momentum
distribution of the atomic cloud. In addition, the reflection process effect could be re-
peated several times by one or several external mirrors reflecting back the optical beams
to the M-BEC after the first interaction, leading an optical cavity structure, e.g. a Fabry-
Perot interferometer, by which the BEC displacing effect could be enhanced by a ”quality
factor” Q >> 1. Note also that the reflected photons, trapped in any M-BEC cavity or
interferometer structure, will be themselves entangled with the atomic condensate.
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In the context of QI the observation of quantum phenomena, such as quantum entangle-
ment, has been mainly limited to systems of only few particles. One of the main open
challenge for an experimental test in systems of large size is the construction of suitable
criteria for the detection of entanglement in bipartite macroscopic systems. The possibil-
ity of observing quantum phenomena at a macroscopic level seems to be in conflict with
the classical description of our everyday world knowledge. The main problem for such
observation arises from the experimental difficulty of sufficiently isolating a quantum sys-
tem from its environment, 1.e., from the decoherence process.

The possibility of generating multiphoton states of light resilient to losses with the meth-
ods of quantum optics is then at the basis of this thesis. The multiphoton states can be
generated through two different amplification schemes. In both cases the measurement
problem is a key ingredient for the observation of quantum properties. The macro-states
can then be studied as a paradigmatic example for the quantum to classical transition in-
vestigation. On the other hand the interest in investigating macroscopic states of light con-
cerns the implementation of quantum information protocols related to quantum metrology
and light atom efficient interactions.

The research work carried out within this thesis has then been focused onto the study
of multiphoton states of light, obtained by non linear optics tools. We have investigated
the quantum features of states produced by an amplification process and by a sponta-
neous emission of an optical parametric amplifier. In both cases the quantum features of
increasing size quantum systems have been addressed. We have demonstrated the sur-
vival of entanglement after the amplification performed over an entangled pair by making
auxiliary assumptions respect to the exploited entanglement criterion [DSV08]. Due to
the probabilistic nature of the performed measurement, based on a local filtering of the
macroscopic state, the microscopic-macroscopic entanglement has indeed been demon-
strated by generalizing an entanglement criterion previously formulated for single-photon
qubits [EKD"04] with an auxiliary assumption about the presence of the amplifier acting
upon the single photon state belonging to an EPR couple. We then discussed different
entanglement criteria which do not require any supplementary assumption on the source,
and applied these approaches to the micro-macro system based on optical parametric am-
plification. It turns out that these methods require an high detection efficiency in order to
identify the macro-states and this requirement is not available with the present technology.
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A second type of macro states, generated by a non-collinear optical parametric amplifier,
working in a spontaneous emission regime, has been then investigated [VSSDO09] . In this
case a fuzzy measurement based on two different dichotomization procedures has been
performed over the macro states. We observed that the amount of entanglement detected
by this type of measurement decreases with the increase of the system’s size. Our results
enlighten the practical extreme difficulty of observing non-locality by performing such a
dichotomic fuzzy measurement.

The problem of measurement on the multiphoton states has then been investigated in
relation with the possibility of engineering the state of the system: the behavior of the
indistinguishability between orthogonal macro-states when a filtering process is applied
over a portion of them has been exploited. More specifically, we analyzed theoretically
in details several schemes for the realization of conditional measurement-induced opera-
tions. We have identified a strategy, based on the ID device, able to minimize the effects
of the noise due to the vacuum injection into the amplifier. A different filtering proce-
dure, based on the OF device, has been deeply studied: it turned out that when a small
portion of the state is analyzed through the OF, the visibility of the overall state, relative
to a dichotomic measurement, is affected in a different way depending on the polarization
basis in which the small portion has been measured. This tecnique is then not suitable
to obtain an higher fidelity in the macro-states discrimination. Finally, we addressed a
pre-selection scheme for the realization of a Bell’s inequality test which do not suffer the
same detection loopholes of the one based on post-selection strategies [VST*10a]. The
proposed method, based on the measurement of the reflected part of the wave-function
in two different bases, does not allow to violate a Bell’s inequality, since it induces the
collapse of the correlations present in the macro-states in only a single polarization basis.
These manipulation protocols exploited the use of a polarization preserving ultrafast op-
tical shutter experimentally realized in our laboratories [SVGT08].

Finally we have studied the application of multiphoton states to different quantum in-
formation protocols. We have demonstrated that the output field of an high gain optical
parametric amplifier working in a collinear regime shows the sub-Rayleigh oscillation
feature typical of a two-photon NOON states. The obtained fringe patterns suffer from a
lower visibility respect to a pure NOON state, but the generated field results to be intense
and the high flux regime can be adopted to perform high efficiency quantum lithography
protocols [SVDT08]. The analysis about the sub-Rayleigh behavior of multiphoton states
has then be generalized by addressing the case of amplification of two-photon NOON
states, obtaining an enhancement of the signal respect to the spontaneous emission case.
Finally we showed theoretically that the collinear amplifier cannot be successfully used
for amplifying N-photon states with N>2 due to the intrinsic % oscillation pattern of the
crystal. To overcome this limitation, we propose to adopt a scheme for the amplification
of a generic state based on a non-collinear QIOPA and we show that the state obtained by
the amplification process preserves the %\, feature and exhibits a high resilience to losses
[GCD™08, VSSD09]. The resilience to losses of macro states has then be exploited in
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order to obtain an enhancement in a minimally invasive metrology scenario [VST'10b].
By performing the amplification process on the microscopic probe after the interaction
with the sample, we have beaten the losses detrimental effect on the phase measurement
which affects the single photon state after its interaction with the sample, and thus we
have improved the achievable sensitivity in interferometrical experiments. In this case
the enhancement in the sensitivity is not a scaling factor, as for the case of NOON-like
oscillation pattern of the optical parametric amplifier, but consists in a constant factor
which depends on the gain of the amplifier and on the losses condition in the investigated
system.

At last the resilience to decoherence of the quantum state obtained by the amplification of
an entangled couple is exploited to study the non-resonant interaction between the mul-
tiphoton state and a BEC shaped as a Bragg mirror. We have theorethically found that
the entangled nature of the microscopic-macroscopic QIOPA system would imply the co-
herent displacement of the M-BEC system, depending on the polarization state of the
injected single photon qubit. This system would represent a further example of macro-
scopic quantum state, fitting in the analysis of the transition from quantum to classical
world performed in the present reasearch work [DSVCIO0].

In conclusion the multiphoton states of light, experimentally generated in our laborato-
ries, have been considered as a paradigmatic example for the investigation of the quantum
to classical transition, i.e. from the microscopic to the macroscopic world. Their genera-
tion and manipulation has been investigated in relation with the possibility of measuring
the quantum properties in icreasing size quantum systems. The main obstacle in such an
experimental demonstration turns out to be the inefficiency of performed measurement,
which in presence of losses are unavoidable.At last the resilience to decoherence and to
losses of multiphoton states has been exploited in different quantum information proto-
cols: from quantum metrology to light atoms interface experiments.
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Abbreviations

BEC Bose Einstein Condensate

BBO Beta-Barium-Bhorate Crystal

BS Beam Splitter

DFG Difference Frequancy generation

HWP Half waveplate

ID Intensity detection

M-BEC Mirror BEC

NL Non linear

NOON states of the form: \/ii(lN) |0) +]0)|N))
OF Orthogonality Filter

OPA Optical Parametric Amplifier

PBS Polarizing Beam Splitter

POVM Positive-Operator-Valued Measure

QI Quantum Information

QIOPA Quantum Injected Optical Parametric Amplifier
QO Quantum Optics

QWP Quarter waveplate

SFG Sum Frequency generation

SHG Second Harmonic generation

SPDC Spontaneus Parametric Down Conversion
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Quantum lithography proposes to adopt entangled quantum states in order to increase resolution in interfer-
ometry. In the present paper we experimentally demonstrate that the output of a high-gain optical parametric
amplifier can be intense yet exhibits quantum features, namely, sub-Rayleigh fringes, as proposed by [Agarwal
et al., Phys. Rev. Lett. 86, 1389 (2001)]. We investigate multiphoton states generated by a high-gain optical
parametric amplifier operating with a quantum vacuum input for gain values up to 2.5. The visibility has then

been increased by means of three-photon absorption. The present paper opens interesting perspectives for the
implementation of such an advanced interferometrical setup.

DOI: 10.1103/PhysRevA.77.012324

I. INTRODUCTION

Since the early days of quantum electronics, nonlinear
optics has played a basic role both for its relevance as a
fundamental chapter of modern science and for its techno-
logical applications [1]. Nonlinear parametric processes, due
to the peculiar correlation properties of the generated pho-
tons, have been adopted to investigate the quantum proper-
ties of electromagnetic fields. In the last few years it has been
proposed to exploit entangled quantum states in order to in-
crease the resolution in quantum interferometry, specifically,
for quantum lithography [2] and to achieve Heisenberg lim-
ited resolution [3]. In such framework, particular attention
has been devoted to the generation of NOON states, path-
entangled states of the form é(|N)k1|O>k2+|0>k1|N>k2), of fun-
damental relevance since a single-photon phase shift ¢ in-
duces a relative shift between the two components equal to
Ne. This feature can be exploited to enhance phase reso-
lution in interferometric measurements, leading to a sub-

Rayleigh resolution scaling as &; N\ being the wavelength

of the field [4]. The generation of photonic NOON states has
been the subject of intense theoretical research [5], but up to
now the actual experimental implementation has been lim-
ited to a posteriori generation of two-, three-, and four-
photons states [6—8] and to the conditional generation of a
NOON state with N=2 [9]. The weak value of the generated
number of photons strongly limits the potential applications
to quantum lithography and quantum metrology. As an alter-
native approach to emulate the quantum resolution, it has
been proposed to adopt classical, coherent light [10], effec-
tively exploiting the nonlinearity of the absorbing material.
The experimental results have been recently reported:
Yablonovitch et al. proposed to use an interference technique
with multiple-frequency beams achieving an experimental
visibility of 3% [11] while Boyd er al. achieved a twofold
enhancement of the resolution over the standard Rayleigh
limit adopting a UV lithographic material excited by multi-
photon absorption [12].

Recently it has been proposed to exploit a high-gain op-
tical parametric amplifier acting on the vacuum field to gen-
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erate fields with a high number of photons still exhibiting
sub-Rayleigh periods: Fig. 1(a) [13]. The quantum lithogra-
phy architecture involves the generation of correlated beams
over the modes k; and k,, the mixing over a beam splitter
(BS), the phase shifting of one mode and then the recombi-
nation of the two modes over a second BS. Finally the output
state is detected via a two-photon absorption over the outgo-
ing modes. In the typical low-gain regime the quantum state
2712(12)41]0) 42— 0)41[2)42) is generated by spontaneous para-
metric down conversion (SPDC) and a Hong-Ou-Mandel in-
terferometer adopting a post-selection technique [6]. In Refs.
[13-15] it has recently been theoretically shown that, for any
gain of the parametric amplifier, the two-photon excitation
rate presents a fringe pattern of the form 1+cos 2¢ which
never falls below a visibility of 20%. Such an approach
could lead to high resolution with a high number of photons
overcoming the difficulty connected with the adoption of the
NOON state with a low number of photons. At variance with
the scheme based on classical radiation, the one here exploits
quantum features of the OPA field.

FIG. 1. (Color online) (a) Experimental scheme for quantum
lithography based on spontaneous parametric down conversion. The
two-photon absorption is simulated through a two-photon coinci-
dence detection. (b) Configuration based on polarization entangled
beams.

©2008 The American Physical Society
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A macrostate consisting of N = 3.5 X 10* photons in a quantum superposition and entangled with a far
apart single-photon state (microstate) is generated. Precisely, an entangled photon pair is created by a
nonlinear optical process; then one photon of the pair is injected into an optical parametric amplifier
operating for any input polarization state, i.e., into a phase-covariant cloning machine. Such trans-
formation establishes a connection between the single photon and the multiparticle fields. We then
demonstrate the nonseparability of the bipartite system by adopting a local filtering technique within a

positive operator valued measurement.

DOI: 10.1103/PhysRevLett.100.253601

In recent years two fundamental aspects of quantum
mechanics have attracted a great deal of interest: namely,
the investigation of the irreducible nonlocal properties of
nature implied by quantum entanglement and the physical
realization of the “Schrodinger cat” [1,2]. The last con-
cept, by applying the nonlocality property to a combination
of a microscopic and macroscopic systems, enlightens the
concept of the quantum state, the dynamics of large sys-
tems and ventures into a most intriguing philosophical
problem, i.e., the emergence of quantum mechanics in
real life. In recent years quantum entanglement has been
demonstrated within a two photon system [3], within a
single photon and atomic ensemble [4,5] and within atomic
ensembles [6—8]. While, according to the 1935 proposal,
the nonlocal correlations were conceived to connect the
dynamics of two ‘“microscopic” objects, i.e., two spins
within the well-known EPR-Bohm scheme [3], in the
present work the entanglement is established between a
microscopic and a ““‘macroscopic’’, i.e., multiparticle quan-
tum object, via cloning amplification: Fig. 1. The amplifi-
cation is achieved by adopting a high-gain nonlinear (NL)
parametric amplifier acting on a single-photon input carrier
of quantum information, i.e., a qubit state: |¢). This pro-
cess, referred to as ‘“‘quantum-injected optical parametric
amplification” (QI-OPA) [9,10] turned out to be particu-
larly fruitful in the recent past to gain insight into several
little explored albeit fundamental, modern aspects of quan-
tum information, as optimal quantum cloning machines
[9,11,12], optimal quantum U-NOT gate [13], quantum
no-signaling [14]. Here, by exploiting the amplification
process, we convert by a unitary transformation a single-
photon qubit into a single macroqubit involving a large
number of photons, typically 5 X 10*. At variance with the
previous works [14,15], here we demonstrate for the first
time the entanglement between the microscopic qubit and
the macroscopic one obtained by the amplification process.
This result is achieved performing a local dichotomic
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measurement on the multiphoton field. Let us venture in
a more detailed account of our endeavor.

An entangled pair of photons in the singlet state
|95 =27 Y2(H)4IV)5 — [V)4lH)p) was produced
through a spontaneous parametric down-conversion
(SPDC) by the NL crystal 1 (C1) pumped by a pulsed
UV pump beam: Fig. 2. There |H) and |V) stands, respec-
tively, for a single photon with horizontal and vertical
polarization while the labels A, B refer to particles asso-
ciated, respectively, with the spatial modes k, and kj.
Precisely, A, B represent the two spacelike separated
Hilbert spaces coupled by the entanglement. The photon
belonging to Kk, together with a strong ultraviolet (UV)
pump laser beam, was fed into an optical parametric am-
plifier consisting of a NL crystal 2 (C2) pumped by the
beam k};. The crystal 2, cut for collinear operation, emitted
over the two modes of linear polarization, respectively,
horizontal and vertical associated with k z. The interaction
Hamiltonian of the parametric amplification H =
i )(h&}t,fz{t, + H.c. acts on the single spatial mode k3 where
al is the one photon creation operator associated with the
polarization 7. The main feature of this Hamiltonian is its
property of “phase-covariance’ for “‘equatorial’”’ qubits
| ), i.e., representing equatorial states of polarization, 77 =
27V Gy + ey, Tyl = 7?35, in a Poincaré sphere
representation having 77y and 77y as the opposite “poles”
[15]. The equatorial qubits are expressed in terms of a

Ka ALICE

EPR
source

QIOPA BOB

\AAAAAAL

FIG. 1 (color online). Schematic diagram showing the single-
photon quantum-injected optical parametric amplification.

© 2008 The American Physical Society
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The study of optical parametric amplifiers (OPAs) has been successful in describing and creating nonclas-
sical light for use in fields such as quantum metrology and quantum lithography [Agarwal ef al., J. Opt. Soc.
Am. B 24, 2 (2007)]. In this paper we present the theory of an OPA scheme utilizing an entangled state input.
The scheme involves two identical OPAs seeded with the maximally path-entangled |NOON) state (]2,0)
+]0,2))/2. The stimulated amplification results in output state probability amplitudes that have a dependence
on the number of photons in each mode, which differs greatly from two-mode squeezed vacuum. A large
family of entangled output states are found. Specific output states allow for the heralded creation of N=4 NOON
states, which may be used for quantum lithography, to write sub-Rayleigh fringe patterns, and for quantum
interferometry, to achieve Heisenberg-limited phase measurement sensitivity.

DOI: 10.1103/PhysRevA.78.012339

I. INTRODUCTION

Nonclassical states of light have been studied in depth
both experimentally and theoretically since the emergence of
quantum electronics. Squeezed light, in particular, has been
applied to a variety of systems, including interferometry and
lithography which show improvement beyond limitations
imposed by classical optics [1-4]. One such device that cre-
ates a type of squeezed light is an optical parametric ampli-
fier (OPA). OPAs are typically noncentrosymmetric crystals
that exhibit a nonzero x'» optical nonlinearity [5]. Pump,
signal, and idler modes propagate through the crystal, and
photons from the pump beam are down converted into lower
energy photons in the signal and idler modes. Previous work
focused on the case that the signal and idler modes couple to
the vacuum at the input. This produces the two-mode
squeezed vacuum state, which exhibits highly nonclassical
behavior [2,3,6]. In the present paper we analyze a scheme in
which two identical OPAs are seeded by entangled photon
pairs. The scheme produces a heralded source for a large
family of entangled states, of interest for applications in
quantum metrology and imaging. These states are generated
by conditioning the output on photodetection on two of the
four total output modes.

A particularly useful heralded state that our scheme gen-
erates is the so-called “NOON” state with N=4. A NOON state
is a maximally path entangled state such that, in a Fock-state
basis, [NOON)|N),|0)z+e™M¢|0) 4| N)5, where ¢ is the relative
phase difference between the two spatial modes A and B [4].
These states allow for superresolution by producing litho-
graphic features with a minimum size of N/(2N), when inci-
dent on an N-photon absorbing substrate, thus allowing an

*rglass1 @lsu.edu
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N-fold enhancement over standard lithographic methods
[1,4,7]. NOON states have also been shown to exhibit super-
sensitivity in interferometric applications, thus reaching the
Heisenberg limit of A¢=1/N [1,8-10]. Classically, in an in-
terferometer using coherent light, precision in phase-
uncertain;y measurement is limited by the shot-noise limit of
A¢p=1/Vn, where 7 is the average photon number. Experi-
mentally, up to N=4 NOON states have been reported and
shown to exhibit both supersensitivity and superresolution
[11,12]. However, implementing NOON-state generators that
produce states of photon number greater than two, which
simultaneously achieve high fidelities and high flux, is very
challenging experimentally. Recently two of us proposed a
scheme that scales well with N and works for an input of any
superposition of |[N,N) photons coupled with feedforward
[13]. Our scheme, presented here, produces heralded N=4
NOON states with relatively high probability, and is experi-
mentally accessible.

In Sec. IT we will review the process of optical parametric
amplification and squeezing. In Sec. III we describe the
entanglement-seeded, dual, optical parametric amplification
scheme. Finally, in Sec. IV we analyze the properties of the
output state, including probabilities and applications.

II. OPTICAL PARAMETRIC AMPLIFICATION

To obtain the input state for our scheme, some squeezing
formalism will be reviewed. We will work in the Heisenberg
picture and use a Fock (number) -state basis throughout the
paper. Modes are represented with capital letters, such as
mode A, mode B, and so on. The creation and annihilation
operators for the respective modes are 4', 4, b', and b. The
mode labels are dropped from the kets, but proceed in alpha-
betical order such that |[Ny,|M)z=|N,M).

The unitary operator describing the action of an OPA is
the two-mode squeezing operator [14],

©2008 The American Physical Society
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We analyze the quantum states obtained by optical parametric amplification of polarization NOON states.
First we study, theoretically and experimentally, the amplification of a two-photon state by a collinear quan-
tum injected optical parametric amplifier (QIOPA). We compare the stimulated emission regime with the spon-
taneous one, studied by Sciarrino et al. [Phys. Rev. A 77, 012324 (2008)]. As a second step, we show that the
collinear amplifier cannot be successfully used for amplifying N-photon states with N>2, and we propose to
adopt a different scheme, based on a noncollinear QIOPA. We show that the state obtained by the latter am-
plification process preserves the \/N feature and exhibits a high resilience to losses. Furthermore, measure-
ment of part of the output state can be adopted to increase the pattern visibility. © 2009 Optical Society of

Vitelli et al.

America
OCIS codes: 270.4180, 190.4410, 120.3940.

1. INTRODUCTION

In the past few years it has been proposed to exploit quan-
tum effects to provide resolution enhancement in imaging
procedures. Among the numerous problems that are cur-
rently studied under the general name of “quantum im-
aging,” investigations concerning the quantum limits of
optical resolution have a special importance, as they may
lead to new concepts in microscopy and optical data stor-
age. Such so-called superresolution techniques, studied
for a long time at the classical level with a view to beating
the Rayleigh limit of resolution, were recently revisited at
the quantum level [1,2]. It was shown that it is possible to
improve the performance of superresolution techniques
by use of nonclassical light [3,4]. This approach, named
“quantum lithography,” may lead in the future to innova-
tive microscopy techniques, to recording image features
that are much smaller than the wavelength of the light,
or to improving optical storage capacity beyond the wave-
length limit. In such a framework, path entangled NOON
states  [yN)ap=(1/12)(N)al0)+(0)alN)5) have been
adopted to increase the resolution in quantum interfer-
ometry. Indeed, in such states a single-mode phase shift ¢
induces a relative shift between the two components
equal to N¢ [5]. This feature leads to sub-Rayleigh reso-
lution scaling as N/2N, where \ is the wavelength of the
field [6] [Fig. 1(a)l. Analogously, multiphoton polarization
entangled states can be exploited to carry out quantum li-
thography by adopting the scheme reported in Fig. 1(b),
which converts polarization-entanglement into path-
entanglement. The theoretical and experimental study of
photonic NOON states [7-9] has led to the experimental
generation of two-, three-, and four-photon states by post-
selection [10-13] and to the conditional generation of a
state with N=2 [14]. Very recently schemes for the gen-
eration of path entangled NOON states with high value of
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fidelity and arbitrary N have been proposed [8,15,16].
However, until now, the low number of photons generated
has strongly limited the potential applications to quan-
tum lithography and quantum metrology. Moreover a
NOON state, like any superposition of macroscopic states,
is supersensitive to losses: for a N-photon state a frac-
tional loss 1/N would destroy the quantum effect respon-
sible for the phase resolution improvement [17].

A natural approach to increase the number of photons
and to minimize the effect of losses is to exploit a high op-
tical parametric process. Recently the output radiation of
an unseeded optical parametric amplifier (OPA) was ex-
ploited to demonstrate the typical A/4 feature with a
large number of photons [18] [Fig. 2(a)l. Even if the
achieved visibility is equal to 20%, this value is sufficient
for applications in lithography and imaging [16]. In such
a framework it has been proposed to exploit stimulated
parametric processes to improve the visibility and obtain
higher signal values [19]. This process, also known as
quantum injected optical parametric amplification, has
found some important applications in the context of quan-
tum information [20,21]. Let us stress that high reso-
lution and intense light fields can also be obtained in a
classical framework [22,23]. In that case the improved
resolution relies on the nonlinear response of the record-
ing medium rather than on the quantum features of the
adopted light field.

In the present paper we investigate the task of the am-
plification of photonic NOON states by two different de-
vices, both based on a quantum injected optical paramet-
ric amplifier (QIOPA). First, in Section 2, we review how a
sub-Rayleigh N\/2N resolution can be obtained by an in-
terferometric device acting on a NOON state. Then, in
Section 3 we study both theoretically and experimentally
the amplification of a two-photon state by a collinear

© 2009 Optical Society of America
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Recent experimental results demonstrated the generation of a macroscopic quantum superposition (MQS),
involving a number of photons in excess of 5X 10%, which showed a high resilience to losses. In order to
perform a complete analysis on the effects of decoherence on these multiphoton fields, obtained through the
quantum injected optical parametric amplifier, we investigate theoretically the evolution of the Wigner func-

tions associated to these states in lossy conditions. Recognizing the presence of negative regions in the W

representation as an evidence of nonclassicality, we focus our analysis on this feature. A close comparison with
the MQS based on coherent |a) states allows us to identify differences and analogies.

DOI: 10.1103/PhysRevA.80.032318

I. INTRODUCTION

In the last decades the physical implementation of macro-
scopic quantum superpositions (MQSs) involving a large
number of particles has attracted a great deal of attention.
Indeed it was generally understood that the experimental re-
alization of a MQS is very difficult and in several instances
practically impossible owing to the extremely short persis-
tence of quantum coherence, i.e., of the extremely rapid de-
coherence due to the entanglement established between the
macroscopic system and the environment [1-4]. Formally,
the irreversible decay toward a probabilistic classical mixture
is implied theoretically by the tracing operation of the overall
MQS state over the environmental variables [5,6]. In the
framework of quantum information different schemes based
on optical systems have been undertaken to generate and to
detect the MQS condition. A cavity-QED scheme based on
the interaction between Rydberg atoms and a high-Q cavity
has lead to the indirect observation of macroscopic quantum
superposition (Schrodinger cat) states and of their temporal
evolutions. In this case the microwave MQS field stored in
the cavity can be addressed indirectly by injecting in the
cavity, in a controlled way, resonant or nonresonant atoms as
ad hoc “measurement mouses” [7,8]. A different approach
able to generate freely propagating beams adopts photon-
subtracted squeezed states; experimental implementations of
quantum states with an average number of photons of around
four have been reported both in the pulsed and continuous
wave regimes [9-12]. These states exhibit non-Gaussian
characteristics and open new perspectives for quantum com-
puting based on continuous-variable systems, entanglement
distillation protocols [13,14], and loophole free tests of
Bell’s inequality.

In the last few years a novel “quantum injected” optical
parametric amplification (QI-OPA) process has been realized
in order to establish the entanglement between a single-
photon and a multiphoton state given by an average of
many thousands of photons, a Schrodinger cat involving
a “macroscopic field.” Precisely, in a high-gain QI-OPA
“phase-covariant” cloning machine the multiphoton fields
were generated by an optical amplifier system bearing a high
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nonlinear (NL) gain g and seeded by a single photon be-
longing to an Einstein-Podolski-Rosen (EPR) entangled pair
[15-19].

While a first theoretical insight on the dynamical features
of the QI-OPA macrostates and a thorough experimental
characterization of the quantum correlations were recently
reported [20,21], a complete quantum phase-space analysis
able to recognize the persistence of the QI-OPA properties in
a decohering environment is still lacking [22,23]. Among the
different representations of quantum states in the continuous-
variable space [24], the Wigner quasiprobability representa-
tion has been widely exploited as an evidence of nonclassical
properties, such as squeezing [25] and EPR nonlocality [26].
In particular, the presence of negative quasiprobability re-
gions has been considered as a consequence of the quantum
superposition of distinct physical states [27].

In the present paper we investigate the Wigner functions
associated to multiphoton states generated by optical para-
metric amplification of microscopic single-photon states. We
focus our interest on the effects of decoherence on the mac-
rostates and on the emergence of the “classical” regime in
the amplification of initially pure quantum states. The
Wigner functions of these QI-OPA generated states in pres-
ence of losses are analyzed in comparison with the paradig-
matic example of the superposition of coherent, Glauber’s
states, |a).

The paper is structured as follows. In Sec. II, we intro-
duce the conceptual scheme and describe the evolution of the
system both in the Heisenberg and Schrddinger pictures.
Section III is devoted to the calculation of the Wigner func-
tion of the QI-OPA amplified field. We first consider a single-
mode amplifier, which is analogous to the case of photon-
subtracted squeezed vacuum. Then we derive a compact
expression of the Wigner function in the case of a two-mode
amplifier in the “collinear” case, i.e., for common k vectors
of the amplified output fields. In Sec. IV, we introduce, for
the collinear case, a decoherence model apt to simulate the
decohering losses affecting the evolution of the macrostate
density matrix. This evolution is then compared to the case
of the coherent |a) MQS. Section V is devoted to a brief
review of the features of coherent state superpositions
(CSSs). Hence in Sec. VI we derive an explicit analytic ex-

©2009 The American Physical Society
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We present the proposition of an experiment in which the multiphoton quantum superposition
consisting of N" = 107 particles generated by a quantum-injected optical parametric amplifier, seeded
by a single-photon belonging to an Einstein-Podolsky-Rosen entangled pair, is made to interact with a
mirror-Bose-Einstein condensate (BEC) shaped as a Bragg interference structure. The overall process will
realize a macroscopic quantum superposition involving a microscopic single-photon state of polarization
entangled with the coherent macroscopic transfer of momentum to the BEC structure, acting in spacelike

separated distant places.

DOI: 10.1103/PhysRevLett.104.050403

In recent years, a great deal of interest has been focused
on the ambitious problem of creating a macroscopic quan-
tum superposition (MQS) of a massive object by an en-
tangled optomechanical interaction of a tiny mirror with a
single photon within a Michelson interferometer [1-5],
then realizing a well-known 1935 argument by Erwin
Schrodinger [6]. The present work is aimed at a similar
scope but is not concerned with interferometers nor with
solid mirrors. It rather exploits the process of nonresonant
scattering by a properly shaped Bose-Einstein condensate
(BEC) [7] of an externally generated multiparticle quan-
tum photon state, a “macrostate” |®), in order to create a
joint atom-photon macrostate entangled by momentum
conservation. Light scattering from BEC structures has
been used so far to enhance their nonlinear macroscopic
properties in superradiance experiments [8] to show the
possibility of matter-wave amplification [9] and nonlinear
wave mixing [ 10]. In the present work, we intend to discuss
the linear coherent scattering, i.e., the reflection by a
multilayered BEC of a large assembly of nearly monochro-
matic photons generated by a high-gain “quantum-
injected” optical parametric amplifier (QI-OPA) in a
Einstein-Podolsky-Rosen (EPR) configuration [11,12].
Very recently, it was demonstrated experimentally that
the optical macrostate |®) generated by the QI-OPA can
indeed be entangled with, i.e., nonseparable from, a far
apart single-photon state belonging to the injected EPR
pair [13], thus resulting highly resilient to the decoherence
due to losses [14]. By the present work, this condition will
be extended to the mechanical motion of an atomic assem-
bly by making the photonic macrostate |®) to exchange
linear momentum with a high reflectivity BEC optical
mirror, here referred to as a “mirror BEC” (mBEC).
This can be a novel and viable alternative to the realization
of an entangled MQS of a massive object.

The layout of the experiment, Fig. 1, shows an EPR
optical parametric amplifier, provided by Crystal 1, of a
polarization entangled (7-entangled) pair of photons
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launched towards two distant measurement stations, here
referred to as Alice (A) and Bob (B) [13,15]. One of the
EPR photons emitted towards the Bob’s site is injected into
the QI-OPA which generates a corresponding macrostate
|®). The device operates in the collinear regime and am-
plifies with a large ““gain” any injected single photon in a
quantum superposition, i.e., a qubit | @), into a large num-
ber of photons, N" = 103, associated with a corresponding
macroqubit [®¢),,. These macrostates then drive the me-
chanical motion of the mBEC. Since these states are found
to be entangled with the far apart single-photon emitted
over the mode k, and detected by Alice, the same entan-
glement property is then transferred to the position macro-
state of the optically driven mBEC [Fig. 1(b)]. The optical
part of the apparatus is the working QI-OPA device re-
cently reported by [13,15] to which the reader is referred.

Micro-macro entangled light.—As shown in Fig. 1, the
main uv beam is split in two beams and excites two non-
linear (NL) crystals cut for type II phase-matching.
Crystal 1 is the spontaneous parametric down-conversion
source of entangled photon couples of wavelength (wl)
A =2\, emitted over the modes k; (i =1/, 2) in the
entangled singlet state W) = 27 V2(|HYyy | Vi —
IV)e|H)o), where H(V) labels the single-photon state
horizontally (vertically) polarized. The photon associated
with the mode k, (the trigger mode) is coupled to a single
mode (SM) fiber and filtered by a set of 7r-analyzing
optical devices, namely, a Babinet compensator (B), a
N /2 + X /4 wave plate set, a polarizing beam splitter
(PBS), and an interference filter (IF) with a transmission
linewidth AX’. At last, the trigger photon excites, at the
Alice’s site, the single-photon detector Dy delivering the
trigger signal adopted to establish the overall quantum
correlations. By a dichroic mirror (DM), the single photon
created over the mode k/ is made to merge into the mode
k| together with the uv beam associated with mode k/, and
then injected into the NL Crystal 2 where it stimulates the
emission of many photon pairs over the two polarization
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We consider the high-gain spontaneous parametric down-conversion in a noncollinear geometry as a
paradigmatic scenario to investigate the quantum-to-classical transition by increasing the pump power, that
is, the average number of generated photons. The possibility of observing quantum correlations in such a
macroscopic quantum system through dichotomic measurement will be analyzed by addressing two different
measurement schemes, based on different dichotomization processes. More specifically, we will investigate the
persistence of nonlocality in an increasing size 5-spin singlet state by studying the change in the correlations
form as n increases, both in the ideal case and in presence of losses. We observe a fast decrease in the amount of
Bell’s inequality violation for increasing system size. This theoretical analysis is supported by the experimental
observation of macro-macro correlations with an average number of photons of about 10°. Our results shed light
on the practical extreme difficulty of observing nonlocality by performing such a dichotomic fuzzy measurement.

DOLI: 10.1103/PhysRevA.81.032123

I. INTRODUCTION

For a long time the investigation of entanglement and
nonlocality has been limited to quantum systems of small size
[1]. Theoretical and experimental works on Bell’s inequalities
have been devoted to the study of single-particle states, in
which dichotomic measurements have been performed [2].
Nonlocality tests have been achieved with single-photon
states, produced by parametric down conversion, by detecting
polarization correlations [3—5]. More recently, the violation
of Bell’s inequality has been shown with a larger number
of photons: on Greenberger-Horne-Zeilinger (GHZ) [6] and
cluster states [7] up to four photons.

On the other hand, the possibility of observing quantum
phenomena at a macroscopic level seems to be in conflict
with the classical description of our everyday world
knowledge. The main problem for such observation arises
from the experimental difficulty of sufficiently isolating a
quantum system from its environment, that is, from the
decoherence process [8]. An alterative approach to explain the
quantum-to-classical transition, conceptually different from
the decoherence program, has been given, very recently, by
Kofler and Brukner, along the idea earlier discussed by Bell,
Peres [9], and others. These authors have given a description
of the emergence of macroscopic realism and classical physics
in systems of increasing size within quantum theory [10]. They
focused on the limits of the quantum effects observability
in macroscopic objects, showing that, for large systems,
macrorealism arises under coarse-grained measurements.
More specifically, they demonstrated that, while the evolution
of a large spin cannot be described classically when sharp
measurements are performed, a fuzzy measurement on
a large-spin system would induce the emergence of the
Newtonian time evolution from a full quantum description
of the spin state. However, some counterexamples to such
a modelization have been found later by the same authors:
some nonclassical Hamiltonians violate macrorealism despite
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coarse-grained measurements [11]. One example is given
by the time-dependent Schrodinger catlike superposition,
which can violate macrorealism by adopting a suitable
“which emisphere” measurement. Therefore the measurement
problem seems to be a key ingredient in the attempt to
understand the limits of the quantum behavior of physical
systems and the quantum-to-classical transition question. As a
further step, Kofler, Buric, and Brukner also demonstrated [12]
that macrorealism does not imply a continuous spatiotemporal
evolution. Indeed, they showed that the same Schrodinger
catlike nonclassical Hamiltonian, in contact with a dephasing
environment, no longer violates a Leggett-Garg inequality,
while it still presents a nonclassical time evolution. In a recent
paper Jeong et al. [13] contributed to the investigation about
the possibility of observing the quantum features of a system
when fuzzy measurement are performed on it, finding that
extremely coarse-grained measurements can still be useful to
reveal the quantum world where local realism fails.

In this context, the possibility of obtaining macroscopic
quantum systems in the laboratory has raised the problem of in-
vestigating entanglement and nonlocality in systems in which
single particles cannot be addressed singularly. As shown in
Ref. [14], the demonstration of nonlocality in a multiphoton
state produced by a nondegenerate optical parametric amplifier
would require the experimental application of parity operators.
On the other hand, the estimation of a coarse-grained quantity,
through collective measurements as the ones proposed in
Ref. [15], would miss the underlying quantum structure of
the generated state, introducing elements of local realism even
in the presence of strong entanglement and in the absence of
decoherence. The theoretical investigation on a multiphoton
system, obtained via parametric down-conversion, has been
also carried out by Reid et al. [16]. They analyzed the
possibility of obtaining the violation of Bell’s inequality
by performing dichotomic measurement on the multiparticle
quantum state. More specifically, in analogy with the spin
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In the quantum sensing context most of the efforts to design novel quantum techniques of sensing have
been constrained to idealized, noise-free scenarios, in which effects of environmental disturbances could
be neglected. In this work, we propose to exploit optical parametric amplification to boost interferometry
sensitivity in the presence of losses in a minimally invasive scenario. By performing the amplification
process on the microscopic probe after the interaction with the sample, we can beat the losses’ detrimental
effect on the phase measurement which affects the single-photon state after its interaction with the sample,

and thus improve the achievable sensitivity.

DOI: 10.1103/PhysRevLett.105.113602

The aim of quantum sensing is to develop methods to
extract the maximum amount of information from a system
with a minimal disturbance on it. Indeed, the possibility of
performing precision measurements by adopting quantum
resources can increase the achievable precision going be-
yond the semiclassical regime of operation [1-3]. In the
case of interferometry, this can be achieved by the use
of the so-called NOON states, which are quantum mechani-
cal superpositions of just two terms, corresponding to
all the available photons N placed in either the signal
arm or the reference arm. The use of NOON states can
enhance the precision in phase estimation to 1/N, thus
improving the scaling of the achievable precision with
respect to the employed resources [4,5]. This approach
can have wide applications for minimally invasive sensing
methods in order to extract the maximum amount of infor-
mation from a system with minimal disturbance. The
experimental realization of protocols involving NOON
states containing up to 4 photons have been realized in
the past few years [6—10]. Other approaches [11,12] have
focused on exploiting coherent and squeezed light to gen-
erated fields which approximate the features of NOON
states. Nevertheless, these quantum states turn out to be
extremely fragile under losses and decoherence [13], un-
avoidable in experimental implementations. A sample,
whose phase shift is to be measured, may at the same
time introduce high attenuation. Since quantum-enhanced
modes of operations exploit fragile quantum mechanical
features, the impact of environmental effects can be much
more deleterious than in semiclassical schemes, destroying
completely quantum benefits [14,15]. This scenario puts
the beating of realistic, noisy environments as the main
challenge in developing quantum sensing. Very recently,
the theoretical and experimental investigations of quantum
states of light resilient to losses have attracted much atten-
tion, leading to the best possible precision in optical
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two-mode interferometry, even in the presence of experi-
mental imperfections [16-21].

In this work, we adopt a hybrid approach based on a high
gain optical parametric amplifier operating for any polar-
ization state in order to transfer quantum properties of
different microscopic quantum states in the macroscopic
regime [22,23]. By performing the amplification process of
the microscopic probe after the interaction with the sam-
ple, we can beat the losses’ detrimental effect on the phase
measurement which affects the single-photon state after
the sample. Our approach may be adopted in a minimally
invasive scenario where a fragile sample, such as biological
or artifacts systems, requires as few photons as possible
impinging on it in order to prevent damages. The action of
the amplifier, i.e., the process of optimal phase covariant
quantum cloning, is to broadcast the phase information
codified in a single photon into a large number of particles.
Such multiphoton states have been shown to exhibit a high
resilience to losses [24-26] and can be manipulated by
exploiting a detection scheme which combines features of
discrete and continuous variables. The effect of losses on
the macroscopic field consists in the reduction of the
detected signal and not in the complete cancellation of
the phase information as would happen in the single-
photon probe case, thus improving the achievable sensitiv-
ity. This improvement does not consist in a scaling factor
but turns out to be a constant factor in the sensitivity
depending on the optical amplifier gain. Hence, the sensi-
tivity still scales as \/]_\7 , where N is the number of photons
impinging on the sample, but the effect of the amplification
process is to reduce the detrimental effect of losses by a
factor proportional to the number of generated photons.

Let us review the adoption of single photons in
order to evaluate the unknown phase ¢, Fig. 1(a). The
phase ¢ introduced in the path &, is probed by sending to
the sample N input photons, each one in the state
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