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Introduction

The action and the properties of each physical system are determined in physics by its
state. The state of the system is the mathematical description (usually a state vector or
a density operator), that, when introduced in the physical formulas, allows to acquire
informations on the system future and past history. The knowledge of the state is,
by definition, the most complete possible knowledge that can be gained on the system,
and, in general, it cannot be desumed with a single measurement operation. In classical
physics it is always possible, at least in principle, to devise a procedure consisting
of multiple measurements that fully recovers the physical state of each system. In
Quantum Mechanics, on the contrary, there are fundamental limitations connected to
the Heisenberg uncertainty principle and to the no-cloning theorem. In fact, one cannot
perform an arbitrary sequence of measurements on a single system without inducing
on it a back-action of some sort, while the no-cloning theorem states that one cannot
create a perfect copy of a physical system without already knowing in advance its state.
Thus, there is no way, not even in principle, by which a quantum state of a single system
may be desumed without having some prior knowledge on it. In fact, if one wants to
estimate the quantum state of a system, the only possibility is to provide a measuring
procedure that employs numerous identical (although unknown) copies of the system,

so that different measurements may be performed on each of the copies.

This thesis is devoted to the “quantum tomography” theory that, as many clues
lead to think, may include the description of all possible quantum state estimation pro-
cedures. It has been introduced by generalizing the homodyne tomography procedure.
Numerous practical applications will also be presented in the form of proposals of ex-
periments, in which we can see the tomography method at work. The experiments are
mainly in the optical domain, where radiation field modes are measured. In addition,

a couple of spin state reconstruction experiments are proposed and described.

What is quantum tomography in practice? It is a state reconstruction technique
that allows one to recover the state of arbitrary systems starting from a set of mea-
surements performed on multiple copies of the system. Since, as we remarked, it is not

possible to create copies of a system with unknown quantum state, we have to assume
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that these copies are available. This is the case, for example, of systems that are the
output of a repeatable experimental procedure. On the other hand, if the single com-
ponents we are analyzing through tomography are not all in the same state, then one
would recover the state of the system ensemble, i.e. the global state of the collection
of systems. In this case, the resulting ensemble state will be a so—called mixture. The
state is perfectly recovered in the limit of infinite number of measurements, while in the
practical finite-measurements case, one can always estimate the purely statistical error
(the method is devoid of any systematic error) that is introduced in the reconstruction.
Moreover, since quantum tomography provides complete information on the system, its
output can be an estimation of the expectation value of any arbitrary physical quantity,
in addition to the system state estimation. The abstract general tomographic proce-
dure finds applications to various quantum systems. In particular, in this thesis we will
analyze two systems, i.e. on one side the modes of a quantized radiation field, analyzed
through homodyne and Kerr tomography, and on the other side the spin of one or
more particles, analyzed through spin tomography. The homodyne is an experimental
setup for measuring very weak electromagnetic fields through a laser, a beam splitter
and two high efficiency photodiodes. The nonlinear Kerr effect is a property that some
materials display when they are crossed by light, and which can be employed to couple
two light beams.

The practical applications of tomography are numerous in the field of advanced
quantum experimental research, and span from the characterization of devices to the
test of state preparation techniques, to the test of fundamental aspects of Quantum
Mechanics, etc. The theoretical quantum optics research group in Pavia, of which I
am member, has a strong tradition and a high international reputation in this field, to

which it has given essential contributions.

A short overview of the thesis follows. It is divided into three chapters: the first
contains the theory and the methods that are necessary to implement any tomography
experiment, the second contains the tomography theory for electromagnetic field and
spin state reconstruction, and the third contains some proposals for optical experiments

based on tomographic reconstructions.

Chapter 1. The chapter starts by giving the reader a brief historical perspective
on quantum tomography. It is a very young method as the first proposals are dated
1989. Initially introduced as the extension to the quantum domain of the conventional
tomographic imaging procedures, it was later greatly improved in order to remove the
systematic errors intrinsic in the first method. All these first applications refer to

the system of quantized radiation modes, and make use of homodyne measurements
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for the reconstruction procedure. Recently a major breakthrough was achieved as it
was noticed that by using group theory, the homodyne tomographic formulas could be
extended to arbitrary quantum systems. The outcome is the more general “quantum
tomography” theory, proposed by D’Ariano, Paini and later generalized by D’Ariano.
The presentation and the formalization of the quantum tomography (endeavored in
this thesis for the first time) is the core of this chapter. The theory is presented as
rigorous as possible for a theory that is still in a developing stage. Subsequently, the
algorithmic procedures and the mathematical-statistical techniques that are necessary
for any tomographic experiment are presented. The chapter is concluded by a section in
which some developments of the theory are presented. It is often possible, for example,
to use the noise deconvolution technique to correct the effects of experimental noise by
data processing. Thus one obtains good reconstructions even when using data coming
from inefficient detectors or lossy apparatuses. Another remarkable development of
the theory is the adaptive tomography technique, which exploits some mathematical
equivalence classes in the tomographic reconstruction formulas to reduce the statistical
fluctuations of the output data and obtains better reconstructions using little input
data.

Chapter 2. In this chapter three different state reconstruction methods are de-
scribed, i.e. homodyne tomography, spin tomography and Kerr tomography. Both the
homodyne tomography and the spin tomography are derived from the general theory
presented in the first chapter. Homodyne tomography, which was historically the first
tomographic method, is here re-derived on the basis of the general formalism. We will
not go into too deep details on this method, since there is a quantity of literature on
the subject. On the other hand, spin tomography, which also will be derived on the
basis of the general formalism, is a very young subject and, in the form presented here
(developed by D’Ariano, Maccone, Paini), has not yet been published. We will thus
indeed go into details on the experimental setups needed for the tomographic recon-
struction of the single spin state or of the multi-particle spin state. Moreover, some
numerical simulations of simple tomographic measurements will be given, along with
feasibility analyses. The Kerr tomography is another approach to the state reconstruc-
tion of radiation modes states, and was proposed by D’Ariano, Maccone, Paris, Sacchi.
Its derivation from the general theory will not be given here, however the experimental
setup will be described thoroughly and Monte Carlo computer simulations of its work-
ing will be presented. It proves to be particularly efficient for the measurement of the
photon number distributions of radiation states, and it can also be employed for the

production of optical Fock states and coherent superpositions of Fock states.

Chapter 3. In this chapter some experiments, which I contributed to propose,
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are presented. Each proposal is based on homodyne tomography and is supported by
rigorous feasibility studies, that always include Monte Carlo numerical simulations of
the experiment so that the reader can get a feeling of the actual data analysis. In
fact, in the computer programs, one would only have to substitute the data simulation
routines with data acquisition routines, and actual analysis of real experimental data

can be performed.

The Hamiltonian operator that can be assigned to each quantum system controls
its time evolution. In practical cases, it is not trivial to assign such an operator to a
real physical system. We will describe a method for the experimental measurement of
the Hamiltonian operator of optical devices. The measurement procedure essentially
consists in feeding the device with a complete set of quantum states and determining
the corresponding output states through homodyne tomography. The Hamiltonian,
which is univocally determined once the input—output relations are known, is obtained

in the Fock—basis representation through some non—trivial data analysis.

One of the most intriguing consequence of quantum physics is the possibility of
obtaining quantum superpositions in macroscopic systems, i.e. the famous Schréodinger
cat states. We have studied such states in the optical field and we present a modification
of an experiment proposal to generate and detect optical Schrodinger cat states. In the
original proposal no actual feasibility study was performed, and our simulations show
that using customary non-perfect detectors (i.e. detectors with non-unit quantum
efficiency) the original experiment would not be able to obtain quantum signatures for
the measured cat, which would resemble a classical mixed state. In our proposal, by
using a new deconvolution technique and the noise defeating mechanisms of tomography

(i.e. the noise deconvolution that was described in Chap. 1), the cat is fully recovered.

Among the postulates of Quantum Mechanics, the state reduction rule is maybe the
most controversial issue. Thus, an experiment that can put it to test is of fundamental
importance. The possibility of introducing a number of independent different measure-
ment schemes (i.e. direct detection, homodyne detection, heterodyne detection) makes
the quantum optics domain perfectly suited to such a test. We present an experiment
based on homodyne tomography which is here employed to measure a “reduced state”

and to compare it to the theoretical one we would expect from the reduction postulate.

Another fundamental issue of Quantum Mechanics, that we propose to investigate
using quantum tomography, is the problem of “locality vs. completeness” in quantum
theory, issue raised by the EPR paradox. We suggest to test Bell’s inequality through
homodyne tomography. Various experimental tests of Bell’s inequalities have up to
now been performed, however the main handicap of such tests is the so called detection
loophole: it has been objected that if the efficiency of the detectors is not superior to
a threshold value, the experiment cannot be considered conclusive. By using the ho-

modyne technique, one can circumvent the detector loophole, since very high efficiency
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detectors can be employed.
We conclude the chapter presenting a feasibility study for a homodyne experiment

that is being carried out presently by De Martini’s group in Roma.

Chapter 4. We give the conclusive remarks and indicate the possible developments

of the presented theory and methods.

Notation: The following mathematical symbols will be used in the course of the
thesis. We use = and <= to define mathematical quantities and properties respec-
tively. The complex conjugate of a € C will be indicated as a*. A theorem or property
demonstration is started with “Proof:” and concluded with the symbol v. The identity
operator acting on the vector space H is indicated by 14, where the subscript will be

dropped if the context determines univocally the vector space.



Chapter 1

General tomographic method

In this chapter the general tomographic method is introduced and derived. The general
mechanism can be deduced using group theory and all known tomographic schemes can

be made to derive from the general formulas.

In the first section a brief history of tomography is presented. Optical homodyne
tomography [1, 2], based on the seminal idea of Vogel and Risken [3] is the best known
experimental procedure for the measurement of arbitrary quantum state of radiation
modes. Homodyne tomography can also be used as a universal detector [4], since mean
values of arbitrary electromagnetic field observables can be obtained from the homo-
dyne data. Recently the tomographic theoretical framework has been extended and
a general theory was achieved for obtaining tomographic reconstructions in arbitrary
quantum systems [5, 6, 7, 8]. This theory is presented in the second section and its
possible, numerous applications are sketched. Some of these applications (namely op-
tical tomography and spin tomography) will be extensively analyzed in this thesis. In
the following Sect. 1.3 some extensions of the basic tomographic method are shown.
First, the deconvolution of noise inserted by the detectors and/or the experimental ap-
paratus is analyzed. Noise can be, to a great extent, eliminated under the hypothesis
that the CP-map describing its effects is invertible [2, 9]. Also, as will be analyzed
in the following, the statistical random noise (resulting from the Monte Carlo aver-
age of the tomographic reconstruction with finite data) can be reduced. This is the
aim of the adaptive tomography technique [10]. This technique can be pushed to a
limit in which tomographic estimators, which would otherwise be non-bounded, can be
brought to converge. This is obtained through the renormalized tomography procedure

[8], analyzed next.

In summary, after a brief historical introduction, in this chapter the tomography
technique is introduced and the group based general theory is derived. Its specification

to some cases in which the theory is applied will be given in the next chapter.

12



1.1 Brief history of Quantum Tomography 13

1.1 Brief history of Quantum Tomography

In this section a brief historical perspective (see also [11, 12]) on quantum tomography
is presented.
Already in 1957 Fano [13] stated the problem of quantum state measurement and

"1 gset of observ-

gave an outline for the solution by demonstrating that a “complete
ables would be necessary. Rather extensive theoretical work was later performed (see
references cited in [14, 15]), but it was only with the proposal by Vogel and Risken
[3] that quantum tomography was born. The first experiments, which already showed
reconstructions of coherent and squeezed states were performed in Michael Raymer’s
group at the University of Oregon [16]. The main idea that is the basis of this and of
subsequent work, is that it is possible to extend to the quantum domain the algorithms
that are conventionally used in medical imaging to recover two dimensional distribu-
tions (say of mass) from unidimensional projections in different directions. However,
the first tomographic method is unreliable for the measurement of unknown quantum
states, since some arbitrary smoothing parameters have to be introduced. The unbiased
tomographic procedure was proposed by D’Ariano, Macchiavello, Paris [1] and succes-
sively continuously improved. In fact, recently a general theoretical framework from
which to derive all known tomographic formulas was proposed. Numerous experiments
have been proposed using the unbiased tomographic method. Experiments (some of
which are outlined in Chap. 3 for the optical domain and in Sect. 2.2 for the angular
momentum domain) have also been proposed by the quantum optics research group in

Pavia.

1.1.1 Conventional tomographic imaging

In conventional medical tomography, one collects data in the form of marginal distri-
butions of the mass function m(x,y). In the complex plane the marginal r(z, ) is a
projection of a complex function (m(z,y) in this case) on the direction indicated by
the angle ¢ € [0, 7]. It is defined as

t+oo ) )
r(x, ) S / %m ((1‘ +iy)e’, (x — iy)e_w) ) (1.1)

—00

The collection of all r for different ¢ is called “Radon transform”. The tomography
process essentially consists in the inversion of the Radon transform (1.1) in order to

recover the mass function m(z,y) from the marginals r(z, ).

A sketch of such process is now given from [11]. Start by writing m(a, o) = m(zx,y),

where o < (z+iy) and o = (z—iy) are considered as independent variables. Using the

'In the following we’ll show that actually an irreducible set will be necessary.
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def

complex Dirac delta function 6 (a) = (1/72) [ d*y explya* —v*a] (where d?y = dz dy

for v = x + iy) one has the obvious identity

- / 26 5 (0 — B) m(B, 5°) (12)

By writing the delta function in complex coordinates, one has

+o0 g dp e, [T dk 4% i
5(2>(a):/ 4k/ & ik :/ Tl \/ e (1.3)
0 o T

with ay, o Re(a e™) = —Qyr, and finally, by taking 5 = (xz+iy)e™, it is immediate,
from Egs. (1.2) and (1.3), to obtain the inverse Radon transform which is the core of

the whole tomographic process, i.e.

+oo “+oo
m(x,y) / dgp/ da’ r( ,gp)/ %\/ﬂ k(@' —ay) (1.4)

Eq. (1.4) is conventionally written as

s “+o00
m(z,y) = /0 d:/ da’ r(z', @) K(2' — ), (1.5)

where K is the so called “Kernel function” given by
o [T dk , 1 oo ~
K(x) “:f/ —|kle*r = Re/ dk ke™
—o0 4 2 0

L. e ikx—ke 1 1

= — lim 2Re dk ke =P, (1.6)
e—0t 0 2

where P indicates the Cauchy principal value. Integrating by parts Eq. (1.5) one

obtains the tomographic formula that is usually found in medical imaging, i.e.

™ “+o0
m(x,y) = 2177/0 dy 77/ dx’ # i7“(x ), (1.7)

¥ — o, 0/

which allows the reconstruction of the mass distribution m(x,y) from its projections

along different directions r(z, ¢).

1.1.2 Extension to the quantum domain

In the quantum imaging process one would like to reconstruct a quantum state (in the
form of its Wigner function) starting from its marginal probability distributions. The
Wigner function (introduced in the 1930s by Wigner) is a real normalized function in

one to one correspondence with the state density operator o. It is defined as

def teo dl‘l —2ig;’y / /
W(z,y) = —e (z +2'|o|x — ') . (1.8)

— 00
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Vogel and Risken [3] noticed that, for optical systems, the probability distributions of

the quadrature operator defined as

e 1 ) )
Ty o 5(@%” + ae '¥%) (1.9)
(a being the annihilation operator of an electromagnetic field mode) are the marginal
probabilities of the Wigner function of the state of the field. Thus, by applying the same
procedure outlined in the previous subsection, they managed to recover the Wigner

function wvia an inverse Radon transform from the quadrature probability distributions
p(z,¢), i.e. Eq. (13) of [3]

W (w,y) = /7r de /m da' p(a', ) /m 9K || e —weose-ysing) (1 1)
0 T J_oo oo 4

[Notice that, in the original paper [3], conventional tomographic imaging is never re-
ferred to.] The procedure to derive Eq. (1.10) with is identical to the one used in
the previous subsection as one can see by comparing Eq. (1.10) with (1.4). The ex-
perimental data, namely the quadrature probability distributions, can be obtained by
using the homodyne detector which, in the limit of strong local oscillator, measures
the quadrature of the field [17]. For the thorough analysis of the homodyne detector
(see Fig. 2.1) we address the reader to Sect. 2.1. The method proposed by Vogel and
Risken, namely the inversion of the Radon transform, was the one which has been used
in the first experiments [16].

Experiments have extended also beyond the optical domain and tomographic re-
construction was used e.g. to measure the quantum state of a vibrational mode of a
molecule [18]. A modified tomographic scheme, similar to the procedure proposed by
Opatrny and Welsch [19] in quantum optics (see Sect. 2.3), has been used by Leibfried

et al. [20] to determine the vibrational state of a single atom in a Paul trap.

It should be noted, however, that this first method is unreliable for the reconstruc-
tion of unknown quantum states, since there is an intrinsic unavoidable systematic
error. In fact, one can see that Eq. (1.7) contains a derivative of the quadrature prob-
ability in the direction indicated by ¢ and a principal-value integral. All this should
be calculated with the parameter ¢ varying continuously in [0, 7] in order to compute
the external integral in (. In the experimental situation, where the data are just a
sequence of values {(z,,yn)} of the quadrature in the directions {¢,}, the inverse
Radon transform method of Eq. (1.7) is obviously hopeless. The same holds also for
Eq. (1.10), where one must keep in mind that the integral on k is unbounded. In order
to use the inverse Radon transform procedure, one would need the analytical form of
the marginal distribution of the quadrature p(x, ¢). This can be obtained by collecting

the experimental data into histograms and splining these histograms. This is not an
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unbiased procedure since the degree of splining, the width of the histogram bins and the
number of different phases ¢, on which the experimental data should be collected are
arbitrary parameters and inject the reconstruction with systematic errors whose effects
cannot be easily controlled. For example, the effect of using high degrees of splining
is the wash—out of the quantum features of the state, and, vice-versa, the effect of low
degrees of splining (or no splining at all) is to create negative bias for the probabilities

in the reconstruction —see [1].

1.1.3 Quantum homodyne tomography

A new approach to optical tomography was proposed by D’Ariano, Macchiavello and
Paris [1] and later generalized and simplified by D’Ariano, Leonhardt, Paul [2]. This
approach, that will be referred to as ‘quantum homodyne tomography’, allows to recover
the quantum state of the field o (and also the mean values of system operators) directly
from the data, abolishing all the sources of systematic errors. Only statistical errors
(that can be reduced arbitrarily by collecting more experimental data) are left. The
theory of homodyne tomography will be here only sketched very rapidly since its results
will be derived from a much more general framework in Sect. 2.1.

By expressing position and momentum operators in terms of creation and annihi-
lation operators as X & t(a+a') and pE 1(a' — a) and by defining the displacement
operator as D(«) o exp(ozaT — a*a), it is easy to see that the Wigner function defined
in (1.8) is equivalent to the complex Fourier transform of the characteristic function,
i.e.

2
Wiaat) = [ 3 D0y e

2
dQA * * *
= / — Tr [Q erat=A “] eNamret (1.11)
T

where (O) denotes the expectation value of the operator O. As will be shown in detail

in Sect. 2.1, the same expression (1.11) can be obtained in operator form and yields

d?\ . .
0= / Tr |:Q era’ =X “} era—ral (1.12)
T

e

By writing Eq. (1.12) in polar coordinates with A\ = % 5k e’ one obtains

oo dk d ; ;
0o = / k/ ap Tr [Q ezkx<p:| efzkzw
0 4 0

T dk d
= / |k,/ 90 Tr |:;Q ezkxw} —zka&p ’ (113)

—00
where the property x4, = —z, was used. The evaluation of the trace in (1.13) with

the complete set of operators {|z,)} eigenvectors of the quadrature x,, gives

d oo oo dk —ik(zo—x
Q—/ cp/ dx ( x¢|g|x¢>/ —|l<:| k(zp—1) (1.14)
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Eq. (1.14), in terms of the quadrature probability p(x, ¢) = (z,|o|z,), can be written

as
T d +o0
o= [ [ drptae) Ko, (115)
0 —00

where K(z,) is an unbounded operator, defined as in (1.6). Eq. (1.15) is the basis
of the quantum homodyne tomographic procedure. In fact it is possible to use it to
sample any matrix element (¢|o|¢) such that (|K(x — x,)|¢) is bounded. Moreover,
by calculating the integrals of (1.15) with the Monte Carlo method, it is possible to
sample the matrix element (¢|g|¢) directly from the homodyne experimental values.

In fact, for bounded (|K;(z — ay)|¢), the central limit theorem guarantees that
™ d +o0o
Wlelo) = [ 2 [ " do plad) @K —a,)l0)
1
= lim =% (WK (20— 25,))|9) (1.16)

where x, is the homodyne outcome measured at phase ¢, and is distributed with
probability p(z,¢). We can define “Kernel function” K (x) for the evaluation of the

matrix element (1|o|¢) the function

K, [|0)(W)(x) = (IK (x —24)|9) - (1.17)

Eq. (1.16) represents the actual reconstruction procedure that must be used to sample
the density matrix ¢ from the homodyne data. Notice, that in order to eliminate all
possible sources of systematic errors, each phase ¢, at which the measurement is to
be performed must be randomly chosen with uniform probability in [0, 7]. For finite
number of measurements N, the estimate (1.16) of the integral is a Gaussian distributed

1/2  For more details on

around the true value, with statistical error decreasing as N~
the statistical procedures used in tomography, refer to Sect. 1.2.4. Notice that the
measurability of the density operator matrix element depends only on the boundedness
of the matrix element of the Kernel function, and that no adjustable parameters are
needed in the procedure, which thus is indeed unbiased.

The tomographic formulas that were derived so far will be now generalized in order
to obtain the reconstruction of the correct matrix elements starting from data collected
from imperfect homodyne detectors (i.e. with quantum efficiency n < 100%). From
the Mandel, Kelley, and Kleiner formula describing the photon count distribution for
inefficient photodetectors, one can show that a detector with quantum efficiency n is
equivalent to a perfect detector (which exactly measures the number of photons and is
described by the POM II = |n)(n|) preceded by a beam splitter with transmissivity 7.

As will be shown in Sect. 2.1, the effect of the efficiency in homodyne detectors is a
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Gaussian convolution of the homodyne probability p(z, ¢), as

_ 8 [T ke
x, Q) = o /OO dk e 1-n p(k, @) . (1.18)

The tomographic reconstruction procedure can be now derived in the same way as

previously, taking care to substitute p(z, ) with p,(z,¢) in Eq. (1.15). In such way

T d(p —+o0
:/0 7[‘/ dx py(x, ) Ky(z — xy), (1.19)

where now the Kernel function is defined as

we obtain

1 +oo
K,(z) = §Re /0 k dk e wi Frike (1.20)

In fact, by taking the Fourier transform of both members of Eq. (1.18), one can easily
check that

T d +oo d +oo
Q:/ 7:_0/ dzx py(x,p) Ky(r — xp) / ('0/ dz p(z, ) K(x — x,).(1.21)

Notice that the anti-Gaussian in Eq. (1.20) causes a much slower convergence of the
Monte Carlo integral (1.19): the statistical fluctuation will increase exponentially for
decreasing detector efficiency 7. In order to achieve good reconstructions with non-
ideal detectors, one needs to collect a greater number of data. On the other hand, the
“plain” tomographic formula (1.15) can be used also for n < 100%. In this case, the
reconstructed state will be the “dressed state” we would have with ideal photodetection,
preceded by a transmissivity 1 beam splitter, i.e. in general its quantum features will
have been washed out to a certain extent (see e.g. [21]).

It is clear, from the theory we have presented, that the measurability of the den-
sity matrix depends only on the particular representation that was chosen and on the
quantum efficiency of the detectors. For example, there is a bound n > 50% for the
reconstruction of the density matrix in the Fock basis: detectors with lower efficiency
output data which is too spoiled to be of any use. In fact, one can see that in this case
the matrix elements of the Kernel K, in the Fock basis (m|K;|n) are unbounded, and
thus Eq. (1.19) is of no use. Notice that actual homodyne detectors have efficiency
ranging between 70% and 90% [21, 22]. The relationship between representation and
quantum efficiency will be better analyzed in Sect. 2.1.

After the method was proposed, many experiments have been performed and it
is not possible to make a comprehensive list. We’ll cite some: the highly squeezed
state reconstruction by Breitenbach, Schiller and Mlynek [21]; the tomography schemes
of Kumar [22] and his self-homodyne schemes [23]; the photon number distribution
of ultrafast laser by Munroe, Boggavarapu, Anderson, and Raymer [24]; the tomo-
graphic measurement of joint photon statistics in the twin beam quantum state by
Choi, D’Ariano, Kumar, and Vasilyev [25]; etc.
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1.1.4 General tomography

Recently a general theoretical framework for state reconstruction was derived as the
result of the work of D’Ariano, Maccone, Paini [5, 6, 7, 8]. It allows to recover all the
formulas of homodyne tomography that were presented in the previous subsection as a
special case of a much more general theory. From the general theory, new tomographical
state reconstruction methods arise, such as the spin tomography (see Sect. 2.2). A new
formalism has also been developed and the derivation of the tomographic formulas
has been greatly simplified. Here, we will not go into any more detail on the general

tomography, as it will be thoroughly analyzed in the following sections.

The quantum tomography theory that is presented in this thesis can now be con-
sidered conclusive? It is difficult to make previsions in such a delicate field as the
possible extensions to a new theory, but the generality that this theory has by now
reached encourages to think that a standing point has after all been achieved. This
does not however mean that there is no space left for research in this field, as possible
new applications of the theory can still be found, and the extension to the tomographic

reconstruction of a relativistic particle is still lacking [26].

1.2 Tomography of arbitrary systems: general theory

In this section the general theory of quantum tomography [5, 6, 7, 8] will be given. We
derive the formulas on which all schemes of state reconstruction that we’ll present are
based. The whole framework of the mathematical demonstration we will need is based

on group theory formalism.

The section is divided into subsections. In the first one we will (try to) give the
reader an intuitive-explanatory version of the rigorous mathematical demonstrations
which are given in the following mathematical subsection. The mathematical subsection
is the core of the present chapter and contains the definitions, the properties and the
formulas (with their proofs) for the tomographic methods. Since in most cases (as
all the ones analyzed in this thesis) one is interested in using tomography for the
evaluation of ensemble values of trace—class operators, in the next subsection we derive
essentially the same results but with the restriction of using trace-class operators only.
The resulting theorems, though less general, are easier to derive. Historically, this
was the first group tomographic method that was introduced. In the last subsection
we give the basics of Monte Carlo integral theory which are needed to implement the
tomographic algorithms in actual experiments (and also in numerical simulations of

experiments).
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1.2.1 Excursus on the method

In this subsection we’ll try to get the reader familiar with the concepts that will be used
more rigorously in the following. The more mathematical-oriented reader can directly
skip to the following subsection. In the following we will review the general theory of
[7, 8], analyzing the mathematical proofs in detail and giving some additional useful
theorems.

The aim of the general tomography is to estimate, in arbitrary quantum systems,
the mean value (A) of an arbitrary system operator A using only the results of the
measurements on an irreducible set of observables (i.e. Hermitian operators) {Qx, \ €
A}, called “quorum”. The procedure by which this can be obtained needs the so called
“Kernel function” K)[A](x)) which is a function of the quorum operators eigenvalues
x). The Kernel K is defined so that by integrating it with the probability py(z) of

having outcome x when measuring (), it gives the mean value of A, i.e.

= [an [ o maten) K1), (1.22)

where the first integral is performed on the values of A that designate all quorum
observables, and the second on all possible eigenvalues of that quorum observable Q)
determined by the A integration variable of the outer integral. Both (or one of the)
integrals in (1.22) may actually be a sum.

The algorithmic tomographic procedure to be used in order to estimate (A) with
Eq. (1.22) is the following. One chooses a quorum operator @y by choosing A with
uniform probability in A and performs a measurement, obtaining the result x;. By
repeating the procedure N times, one collects the set of experimental data {(\;, z;), with
i=1,---, N}, where \; identifies the quorum observable used for the ith measurement,
and z; its result. From the same set of data the mean value of any operator A may be
obtained. In fact one derives the Kernel function for the operator A and the quorum

@), and then samples the double integral of (1.22) using the limit

(A) = lim % KAl (1.23)

Eq. (1.23) for finite N is a Monte Carlo estimate of the integrals in (1.22). As will be
shown, the statistical errors of the estimate may be evaluated.

How is the Kernel function obtained, given the operator A and the quorum Q,?
The whole framework is based on group theory theorems, such as the Schur Lemmas,
and we will make extensive use of the concept of unitary irreducible representation
(UIR). Thus, it is convenient to introduce the concept of tomographic group 7', which
essentially is a group that induces a UIR on the Hilbert space of the system H we are

studying. We will also show that when T is a Lie group, the quorum lives in its Lie



1.2 Tomography of arbitrary systems: general theory 21

algebra. The Kernel for an arbitrary A can be obtained starting from the intertwining

operator F defined through the UIR of the tomographic group T', as
B [ 4gRi(g)wRig), (1.24)
T

where the unitary operators R(g) form the UIR of T, and the integral is performed on

all the group T elements g. We will show that for any two operators A and B, one has
EFEARB=BQAE. (1.25)

Using this property, one can show that
A=Tn[F A®1], (1.26)

where Try indicates partial trace on the first space of H ® H. Eq. (1.26) should be
interpreted as follows. Thanks to the intertwining operator E, A is taken from the
operator space to a space where it is traced away with the UIR operators. Its place in
the operator space is taken by the UIR operators that are functions of the quorum and
thus may be easily calculated on the outcomes of the experiments. In fact, any element
of the group UIR is a unitary operator and thus can be obtained by exponentiating a
suitable hermitian operator Hy, i.e. g = exp[iH,], for any g in T. If T is a Lie group,
H, is a linear combination of a basis U ¥ {Uy} of the Lie algebra of the group, which
thus contains the whole quorum: we obtained a discrete set of operators U that are a
basis for the vector space of quorum observables?. Thus for any group element g in T,

one can write

g = g(¢, ) = explivii - U], (1.27)

where, since the measurement procedure for the operator O or for the same operator
multiplied by a constant kO are coincident, we have taken (in the vector space of
quorum observables) the polar coordinates (1, 7) by introducing the unit vector 7.

Using the polar parametrization of the UIR group elements, Eq. (1.26) now rewrites,

A=Try { / dit / dip J e~ %0 4 eiwﬁﬁ] , (1.28)

where J is the Jacobian of the coordinate transformation, such that dg = dii dvy J(7i, ).
By taking the expectation value of both members (if the system state is described by
the density matrix g), Eq. (1.28) becomes

(A) = Tr[Ag] = / di / dws pr(zs) Tr [ / dipJ e~ ET—w7) A] , (1.29)

2As we'll see in the next section, more generally one should also introduce an equivalence class
that contains all operators acting on a Hilbert subspace of the Hilbert space, so that the tomographic
reconstruction can be performed separately in each subspace.
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where the trace has been evaluated on the eigenvectors |z7) of the quorum observable

= (x7|olz7) is the probability of obtaining the eigenvalue xz; when

ii- U, and pg(zz)
measuring 7-U. By comparing (1.29) and (1.22), it is immediate to obtain the following
definition for the Kernel function, determined only by the quorum Qg = 7 - U and

by the operator A,
KiAl(z) < Tr [ / dipJ e~ WET=2) 4| (1.30)

We refer the reader to the next section for the demonstration of the statements
given here and for a more thorough analysis of the possible cases. Here we introduced
a skeletal description of the tomography theory, and we showed how one can practically
sample the mean value of any observable A starting from the outcomes of the quorum

observables only.

1.2.2 Mathematical backbone

Here the rigorous mathematical demonstrations needed for the tomography theory as
in [7, 8] are given through group theory [27].

We start with some definitions. Let H be the Hilbert space of the studied system,
L(H) the set of all operators acting on H and p the density operator of the system
quantum state. Unless otherwise stated, all vectors |¢) in H we will refer to are to be
intended as normalized ((¢|¢)) = 1).

The aim of quantum tomography is to obtain the ensemble average (A4) = Tr[Ay]
of some operator A acting on the Hilbert space of the system, by averaging the results

of the measurements of a fixed set of observables ).

Quorum definition. The set Q = {Q,} of observables Q) € L(H), with A € A is a
quorum <= it is possible to determine the ensemble average (A), ¥V A € L(H), using

outcomes of measurements of () operators only.

Unbiased estimator definition. The operator £x[A](Q») is an unbiased estimator
for the operator A € L(H) with the quorum Q = {Qx, A € A} < Yo one can obtain

the ensemble average of A as

(4) = /A dp(N) (E\[AI(Qn)) | (1.31)

where dy is a probability measure over the set A. In the case of discrete set A =

{A\1, -+, AN}, the integral will be replaced by a sum as in

N
(A) = Zui (Ex[A1(@QN)) - (1.32)
=1
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Notice that the two preceding definitions of quorum and unbiased estimator are
not independent, since the quorum definition implies the existence of at least one un-
biased estimator. Since Egs. (1.31) and (1.32) must be true for any state g, it follows
necessarily that:

Any operator A in L(H) must be a function (at least in some distributional sense) of

some operators contained in Q, i.e.

A= / dp(3) EJAN(Qy) (1.33)
A

(where the integral converges at least by taking expectation values of both members)

or, for discrete quorum,

N
A= Z pi Ex,[AJ(Q,) (1.34)

(which for N = +o00 converges at least by taking expectation values of both members).

Quorum irreducibility theorem. {Q)} is a quorum = {Q\} is an irreducible set
of operators in H.
Definition: A set {Qx, A € A} is called irreducible in 'H &% there are no proper

invariant subspaces of ‘H for the application of the set Qy.

Proof: If, by reductio ad absurdum, it weren’t so, there would be invariant subspaces
in H. One could, then, diagonalize all operators (), on such subspaces, and hence all
@ would commute among them. Take an operator O that does not commute with any
of the @), this cannot be written as a function of @, (A € A), hence Q) cannot be a

quorum.v

Tomographic group definition. The group T is a tomographic group for the Hilbert

space 'H &L it is a connected® Lie group with invariant! measure dg and a unitary

irreducible ray representation R(g) of operators acting on the Hilbert space H.

Definition: dg is an invariant measure for the Lie group T LN dg is a volume element

around g in T such that ¥ h,j € T one has d(h-g) =d(g-j) = dg.

Definition: A set R(g) (g € T') is a unitary irreducible ray representation (UIR) on H
def

<= it is a homomorphism of the group T into a set of unitary operators acting on a

space H, such that

Y g1,92,93 € T with g1 - g2 = g3 = R(g1)R(g2) = €992 R(g3), £ € R, (1.35)

3Tt is not necessary for the group 7" to be connected. If it is not, one only has to take the identity
connected subgroup of the group unitary irreducible representation. Since this is a useless complication,

we’ll require the group to be connected.
“Here we are not interested in this kind of extension, but the hypothesis of invariance of the group

measure can be relaxed. Some of the properties that we’ll demonstrate require only left (or right)

invariance.
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and such that the action of the R(g) for ¥ g € T on the vectors of H does not define

invariant subspaces.

Notice that from the definition of tomographic group, it is not a restriction to
consider as tomographic groups only the ones that have a faithful UIR (i.e. T and its
UIR are isomorphic). In the following we will do so and we will use the symbol T" both
for the group and for its UIR group of operators {R(g) g € T'}.

Discrete tomographic group definition. In this thesis we will restrict our attention
only to the case in which the discrete tomographic group is a subgroup of a Lie group.
In this case it is still possible to use the Lie algebra of the Lie group also to generate
the discrete subgroup. The extension to a generic discrete group is still lacking, but is
not needed for the systems that will be analyzed in this thesis.

For an example of applications of discrete tomographic groups refer to the discrete spin

tomography, analyzed in Sect. 2.2.3.

In order to devise a tomographic scheme starting from a given quorum or in order to
test if a set of observables is a quorum, we need to build an unbiased estimator for that
set. Obviously, if this task is proved impossible, then the set cannot be a quorum. In
order to build the unbiased estimator, we need to introduce the intertwining operator
E.

Intertwining operator definition. The intertwining operator E for a tomographic
group T with UIR {R(g), g € T} is

E= [ dgRY(g) @ R(g), (1.36)
T

or
E=) Ri(g) @ R(g:) (1.37)
gi
for discrete groups.
The reason for which F is called intertwining operator will be evident from Property
1 below. In the following, we will consider only the continuous case, since the formulas
for the discrete case can be easily obtained by substituting the integral with a sum.
The operator E acts on H® H and it is self-adjoint. This last property follows from
the unitarity of the representation R(g) and the properties® of the invariant measure.

In fact, one has
M_/@R@®w@_/@Rwﬂ®Mfﬂ
T T

- [ g Rig) e Rl = B (1.38)

®Namely dg = dg !, see [28].



1.2 Tomography of arbitrary systems: general theory 25

The tomography theorem follows from the following three properties.
Definition: A set of operators R(g) acting on H and depending on a continuous
parameter g is square integrable <<% [ dgl{u|R(g)|v)|* < oo for ¥ |u), |v) € H.
Definition: A set of operators R(g) acting on H and depending on a discrete param-

eter g is square summable <= >0 lu[R(g)[v)[? < oo for ¥ |u), |v) € H.

Property 1. Given two arbitrary operators A, B € L(H), using E defined by Eq.
(1.36) or (1.37) with square integrable (or summable) UIR R(g), one has

[EA®B=B&AE.| (1.39)

Proof: For an arbitrary h € T one has

E1aR(h) = / dg Ri(g) ® R(gh) = / dg Ri(ghY) @ R(¢) = R(h) @1 F,
T T
(1.40)

where ¢’ S gh and 1 is the identity operator in H. In (1.40) the homomorphism prop-
erty [27] of group representation [i.e. R(g)R(h) = R(gh)] and the (right) invariance of
the measure have been used. Analogously, (by using the left invariance of the measure)
Vh € T one has

ERMN®1=10R(h)E . (1.41)

In the rest of the demonstration we proceed analogously as in the demonstration of
Schur’s second lemma.

Consider S an intertwining operator defined by S A® B = B® A S for VA,B €
L(H). From (1.40) we see that

ESR(g)®1=E1®R(g) S=R(g)®1 ES, (1.42)

hence the operator ES acts as the identity on the first Hilbert space of H® H. In fact,
in the first Hilbert space it commutes with a UIR and Schur’s second lemma may be
applied, with the conclusion that ES is a multiple of the identity in the first space.
Analogously from (1.41) we have

ES1®R(g)=1®R(g) ES (1.43)

and hence ES is a multiple of the identity also on the second Hilbert space. Thus,
normalizing® E appropriately, ES = 1y ® 13 = lygy, which implies that F = S~1
on the whole domain ‘H ® H, i.e. E is an intertwining operator and acts as S on the

operators. v

Notice that this requires the UIR which defines E through Eq. (1.36) or (1.37) to be square inte-
grable (or summable). For non-square integrable UIR, Eq. (1.39) may still be retained, by considering
it as an algebraic identity.
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Property 2. Consider a square integrable UIR R of the tomographic group T and
impose [ dg|(u|R(g)|v)|? =1 for some |u), |v) € H = one has

Tri(E) = Try(E) =1, (1.44)

where Tr; indicates the partial trace over the ith space in H @ H, and 1 the identity on
H. Moreover, the integral [ dg|(u|R(g)|v)|? is independent on the choice of the vectors
|u) and |v).

Proof: We start by showing that [ dg|(u|R(g)|v)|* is independent on |u) and |v).

By using the properties of the invariant measure of 7', one has
/dg R(9)[v)(v|R(9)R(h) = /dg’ R(hg')|v)(v|R'(g") (1.45)
=R [ df RGICIR(S).

where the invariance of the group measure has been used in dg = dg’, with ¢’ = h™1g.

Eq. (1.45), through Schur’s second lemma, guarantees that

/ dg R(g)|v) (v[RT(g) = 7ollyg , 7 €C . (1.46)

Hence, if one considers the quantity

/ dg |(u|R(@)|0)[2 = 7, (1.47)

from Eq. (1.46) it is trivial to see that 7, is independent on |u). One can check that it

is also independent on |v) by noticing that, given an arbitrary vector |a)
Ty = /dg R(9)[v)(v|RT(g) = (a /dg R(9)[v)(v|RT(g)|a)

= /dg’ (alR(g")v) (v[RT(¢"")a) = I/dg R(g")|a)(a|RT(¢")v)
=1, (1.48)

Notice that the hypothesis of square—integrability of the representation guarantees the
convergence of the integral in (1.47). Thus, the natural choice for the normalization of
the group’s measure is to take 7, = 1.

We now prove Eq. (1.44). For any |u) in H, one has, using Property 1, i.e. Eq.
(1.39),

2(ul Ty Blu)s = 2{ulTri Elus o(vfv)s = o(ulTry |[E 1@ u)y 2(v]] o)
= (T [Ju)1 1ol © 1 E]Jo)a = Tk 1] [ dg RYg) a(ulR(0) 1)

- / dgl (uR(g) v} =1, (1.49)
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where the subscripts on the bras and kets indicate which of the spaces H ® H contains
the vector. The chain of equations (1.49) is true for any |u) € H < TriE = 1. The

same reasoning can obviously be applied to TraE.v

It is now convenient to introduce the Lie algebra of the representation group R(g), g €
T. Define @ as the vector of coordinates for the Lie group T'. Any connected Lie group
T can be generated by the (“infinitesimal”) elements of the ‘group germ’ U, i.e. the
arbitrarily small volume element around the group identity defined as U £ {9(a) €
T such that Vi |a;| < €, € > 0}, such that if g € U = g~! € U. The group U can
be chosen such that each element of U is in a one parameter subgroup Uy, where
Up < {g(d@) € T such that |a| < €, a; = 0 for k # j e > 0}. The {U,} form a basis”
for the Lie algebra of the group 7. Through the exponentiation procedure, any element
of the group T can be generated (in a one parameter subgroup) starting from the group

germ U as g(ay) = €¢*Ur and hence, in general,
9@ =e90 wgerT, (1.50)

with the obvious notation @-U % > i axUk, and where we have factorized the imaginary
unit ¢ (which will be useful in analyzing groups of unitary operators as we will require
the operators Uy, to be hermitian).

In general, the Lie algebra of a group of operators may be a direct sum of sub-
algebras, i.e. any vector in the Lie algebra can be decomposed into a direct sum of
operators that act onto different Hilbert subspaces of the global system Hilbert space.
Thus, it is useful to introduce in the Lie algebra of the group the equivalence classes de-
fined as “Two operators Uy, U; are equivalent N Uk, U; € L(H;), with H =&, H;.”,
which definitely introduces an equivalence relation® into the Lie algebra. Now the Lie
coordinates @ of the group element can be written in terms of the equivalence classes
as

i-U=>Y d U, (1.51)

i=1
where the sum is actually a direct sum of operators and L is the number of equivalence
classes, i.e. the number of subspaces in which the global Hilbert space of the system can
be decomposed. For i # j, d; - U and aj - U act on different spaces and thus commute?,
[d; - U, aj- U ] = 0. For example, if one considers a particle living in the zy plane with
spin, the Lie algebra is generated by the basis vectors U = {re, Pz, Ty, Dy, Szs Sy, Sz}

(r and p being the position and momentum operators and S being the spin operators)

"From the above reasoning, the set {Uy} is always a discrete finite set for Lie groups.
8If A operates on the same space of B, then B does the same with A. If A operates on the same

space as B and C, then B and C operate on the same space.
9FEach operator is proportional to the identity on the space on which the other operator acts.
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and there are 3 equivalence classes, namely those generated by {r;,p,}, {ry,py}, and
{Sz,8y,5-}. The usefulness of the separation of the Lie algebra into equivalent classes
is evident from the fact that a measurement of a global operator of the system is carried
out by taking measurements separately on each of the system components, described
in different Hilbert subspaces of the system.

For our scopes, it is useful to introduce in each Lie subalgebra the polar parametriza-
tion of the group T, by writing @; & 1;;, with 7; unit (or fixed-length) vector'? and
¥; = |d@;|. The domain of 7i; and 1); depends on the domain of the Lie coordinates for
the subgroup'! 7T} generated by the ith equivalence class in the algebra. For the sake
of clarity here we will consider 7i; varying in s; and v; in ¥;. For example in homo-
dyne tomography we’ll see (Sect. 2.1) that it is convenient to consider 7i; varying in a
hemisphere of the unit sphere and 1; € (—o0, +00), while for spin tomography (Sect.
2.2) we have 7i; in the unit sphere and ; € [0, 27], since T; = SU(2). The usefulness
of the polar parametrization arises from the fact that for any observable A and for any
k € R, the observable kA requires the same measuring procedures as A. Naturally,
in order to specify the group coordinate @, one needs all the 77;, v; on all classes, i.e.
a= (i1, Y15 57L,YL).

In summary, taken a basis {Uy} of the Lie algebra, and dividing it into L separate
equivalence classes, any element r = R(g) of the representation group of 7' can be

written in function of the equivalence class coordinates as

L
= Hexp[i@biﬁi U, (1.52)

=1

L
r(@) = (A, ;- -3, L) = exp [ZZ%@ U

i=1

where we remember that the sum is a direct sum and hence all the summed operators

commute.

Property 3. Take a basis U & {Ux} (k =1,---,N) of the Lie algebra of the tomo-
graphic group T representation {R(g), g € T'}, and divide the basis operators U into L
equivalence classes of operators acting on same Hilbert subspaces. = The intertwining

operator E/ can be written as
L
E=]] / dii; / Ay Ji(ig, b)) e Wil @ iU (1.53)
i=175i Yi

where J; is the Jacobian of the transformation dg(a;) = di; di; J;(7;, ;) of the Lie
coordinates of each of the Lie subalgebras which are in direct sum.

Eq. (1.53) can be written equivalently, in a more compact manner, as

L
E=]] / dit; /W dipy J; (5, ;e Wil AU (1.54)
i=1" 95 i

19 As will be clarified later, 7; (for all i) plays the role of the A that labels the operators in the quorum

Q={@x}.
" The group T; is obviously a subgroup of the tomographic group 7.



1.2 Tomography of arbitrary systems: general theory 29

def

with AUL U o1 -1U.

Proof: The demonstration is easily sketched, since, using the Lie algebra elements
as generators (the group is connected), one has R(g(@)) = exp(id - U), where @ =
(fi1, %13+ - 37, %) is the vector of Lie coordinates of the representation group. Thus,

one only has to change integration variables in the integral in the definition of E, (1.36),

/dg: /da: H/ dit; /q} dip; Ji(its,0s) v (1.55)

as

It is now possible to illustrate the tomography theorem, which shows how to build

the unbiased estimator, starting from the set of quorum operators @Q».

Tomography theorem. Take the quorum = {Q A}, an arbitrary operator A €
L(H) and a basis {Uy} of the Lie algebra of the UIR, of a tomographic group T. Define
the vector of Lie coordinates as @; = @;(7i;,1;), where i is the index that characterizes
the subalgebras of the Lie algebra of T'. If the UIR is square integrable = the unbiased

estimator for Q is given by the set

£ [Al(; - U) = Ty [A ® 1 B, (; - z?)] , (1.56)

where the operator E on H ® M is written in terms of the UIR of T as

By, (7i; - U) dcf/ dii Ji(wpis ) exp | —ividi; - (0 @1 - 10 0)] (1.57)
v,

where J; is defined by the transformation dg S [L; dv; dii; Ji(v;,7;), which transforms

the group invariant measure into the coordinates (1;,;). The quorum operators {Q}

live in the Lie algebra of the representation group and are defined as Q) &7, - U with

Notice that the intertwining operator E, previously introduced, is given by
o H/ dit; By (i1 ) . (1.58)
i v

Proof: In order to show that (1.56) is an unbiased estimator, we must verify (1.33),
namely that the operator A can be written as an integral over A of the function £
of the quorum observables {@,}. Using Property 3, we see immediately that E =
IL J;, diii Eg.(7; - U). Thus, one has

H/dn,gﬁl H/dnzTrl A®]1E (7 ﬁ)}:Trl[A®ﬂE}.(1.59)
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Now we use Property 1 and Property 2 respectively and obtain that
Trl[A@vnE} :I\rl[En@A} =Ty [EJA=A. (1.60)

Thus we may conclude that &, is an unbiased estimator for the subgroup 73, and that

the quorum {Q,} is the set of operators 7i; - U, where 7; plays the role of A.v

As an immediate consequence of the previous theorem, the following theorem holds.

Quorum relation with tomographic group. Given {Uy} a basis for the Lie algebra
of T, define Qy as the set that contains all the hermitian operators of fixed'? “length”
k in the algebra, i.e. all hermitian operators of the form 7i; - U, with Sk ()2 = k2, for

any i —> the set Q@ = {Q\} is a quorum for the tomographic group T.

Proof: We have seen in the tomography theorem that an unbiased tomographic
estimator exists which is function only of operators of the form 7; - U. This, thanks to
Eq. (1.33) ensures that the set 7i; - U for ¥V 7; € s; and for all 7 is a quorum. Moreover,
since in the definition of U —see Eq. (1.50)— we have factorized the imaginary unit 4
and since 7; are a real vectors, we can be confident that the operators 7i; - U in the Lie
algebra are hermitian operators. In fact, since we are working with the group of UIR

of the tomographic group 7', every element

R(g(ir, ;-5 ip,vr)) = | [ expliviri; - U] (1.61)

7

of the UIR group is a unitary operator only if 1;7; - U are hermitian operators.v

In order to simplify the notation, in the following we will consider only one equiva-
lence class in the group algebra (L = 1). The general case follows from the fact that for
Hilbert spaces of composed systems, the reconstruction can be made separately on each
of the subspaces, by using the tomography theorem (1.56) on each of the equivalence

classes ¢ in the Lie algebra.

It is possible to obtain a tomographic formula of the type (1.15), by defining an

appropriate Kernel. From the tomography theorem, one has

(A) = /Sdﬁ <5ﬁ[A] (7 - 17)> (1.62)

= / dii <Tr1 [A® 1 / dip J e—“ﬁﬁ'fUD = / di Tr [A@ 0 / dip J e—“ﬁﬁ'fU}
s 4 s N4

12T the tomography theorem, we considered vectors of unit length, but, as far as the length is fixed,

any constant will do. As we have seen, this is a consequence of the fact that measuring an observable

O or the same observable multiplied by a constant kO requires identical procedures.
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— [an
XTr [ / apJ (A @) (1@ / dy / dary 00 0t} (2| ew)]
¥ 7 7

where the density matrix ¢ was written in terms of the eigenfunctions of the quorum

operator i - U, i.e.
o [ dug [ daf grla)aate] (1.63)

with (7 - ﬁ)|$>ﬁ = zi|x)7 , *z € Xz. By separating the trace in Eq. (1.63) as
Tr[O ® O3] = Tr1[O1] Tr2[O2], we find

(4) = / dit | i pales) T deJAe‘W'ﬁ‘W . (164

where ps(z7) o 0z,x is the probability of obtaining x; as the outcome of the measure-

ment of the quorum observable 77 - U.

Kernel function definition. Define Kernel function Kz[A](z) for the evaluation of
the observable A with the quorum Q = {ii - U, with |ii| = 1} the function

KiAl(z) € Tr { /@ dip J(,7) A e~ W@T-D) | (1.65)

[Notice that, in the case of conventional homodyne tomography, this definition corre-

sponds to the one (1.17) given previously.]

Tomographic method. Using the tomography theorems just shown, it is possible to

establish an algorithmic estimation procedure for (A). In fact, from the definition of

Kernel function, one obtains
) = [ai [ dopata) Kala)a) (1.66)

which allows the measurement of the mean value of operator A starting from the quorum

observables Q = {it - U with ii € s}, with the following procedure:

e One first chooses a quorum observable Q) 5y in Q randomly with uniform'?® prob-

ability.

e One then measures the chosen Q) = 7 - U and evaluates the Kernel function

K5z[A](z) on the result x of the measurement.

13The method can be extended also to the case where each quorum observable has different probability
of being chosen, as for the active adaptive tomography (see Sect. 1.3.2).
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e The procedure must be repeated averaging the results, i.e. calculating the inte-
gral (1.66) with Monte Carlo procedures. The central limit theorem (see Subsect.
1.2.4) guarantees that the result will converge to (A) for bounded £. Moreover,
since the estimator is in fact unbiased, the convergence is affected only by sta-
tistical errors that can be made arbitrarily small by increasing the data. For the
evaluation of such statistical errors, and for the possible statistical checks to be

performed on the data, refer to Sect. 1.2.4.

Notice that any operator A € L(H) can be estimated from the same set of measure-

ments.

Tomography theorem for trace—class operators. In the same hypotheses of the

tomography theorem, but requiring A to be a trace—class operator, one has

EslA(7 - T) = A dip J(,7) Tr [A e—wﬁ'ﬁ} e U, (1.67)

Proof: For the case, if A is trace—class, it is possible to exchange the integral on di
in Eq. (1.57) with the trace of Eq. (1.56). In fact, for any unitary operator O, we have

that if A is trace—class = OA is trace—class.v

Null estimators definition. Notice that, even once the quorum has been fixed, the
unbiased estimator for an operator A will not in general be unique, since there could

exist functions (or operators) N'(Q,) that satisfies

/ (NN (@) = 0., (1.68)

that are called ‘null estimators’.

From the property that defines the estimator, namely (1.31), it follows immediately
that two unbiased estimators that differ by a null estimator yield the same results when

estimating the operator mean value:
() = [ du) E141@) = [ duy) (E11A1@) (169)

if £[A)(Qx) & EA(@Qx) + N(Q).

We will see in the following how the null estimators can be used to reduce the
statistical noise. This will be the aim of adaptive tomography, which will be described
in Sect. 1.3.2. Moreover, one can try to use the null functions to obtain the convergence
of estimators that would otherwise be unbounded. This is the aim of the renormalized

tomography, which will be described in Sect. 1.3.3.
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In concluding, it should be stressed that group theory is a useful instrument for
theorem demonstration, but, as many clues lead to think, it may be a too restrictive
scheme on which to base the theory. In fact, consider the case of the Poincaré group
[26], where the theory such as it is stated will not be applicable, and other cases, such as
Weigert’s state reconstruction method [29], where the representation theory will fail. In
many general situations, though, group theory works and permits a fine demonstration
of the needed formulas.

In this subsection the mathematical core of the generalized tomographic procedure
has been derived by using group theory. The tomographic algorithm has been de-
scribed for the generic estimation. From the formulas that have been shown here, all

tomographic procedures analyzed in this thesis follow.

1.2.3 Tomography theory for trace—class operators

In this subsection we will re-derive the tomography theorem for trace—class operators
[5, 6], i.e. Eq. (1.67). This was the first proposal for a group based tomographic
derivation. This derivation does not give any new results and has been inserted for
completeness, as it shows another possible and simpler derivation of tomographic theory

independent from the one given previously.

Trace formula. Let A be an arbitrary trace—class operator on the Hilbert space H of
the system and R a unitary irreducible square integrable representation on H of the

tomographic group T. Then
114 = [ dg R(g) AR (9) (1.70)
where dg is an invariant measure for the group T', normalized as

/ dg |{ulR(g)[0)|? = 1 (1.71)

which is independent on the choice of the vectors |u), |v) € H.

Proof: The independence of the integral in (1.71) on the choice of |u) and |v) in H

has already been shown in the demonstration of Property 2 above. Define 7, , as

/ dg R(9)]uw) (v[RT(g) = Tuw T, (1.72)

where the proportionality to the identity can be demonstrated through the second Schur
lemma. In fact, the integral in (1.72) commutes with all the elements of a UIR, since,
for any h € T,

/ dg R(g)|u){v|R (9)R(h) = / dg' R(hg')|u)(v|R'(g") (1.73)

—R(h) / dg' R(g")u) w|RI(g')
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The constant 7,, can be evaluated if the vectors |u) and |v) are not orthogonal, by

noticing that upon taking h < g~ one has for V |a), |b) € H

v|R(g)|a){a|RT(g)|u
1= [ dg OIR(@) )R @) = [ g P H T
T
[ an CROIDR ) _ s o
(vlu) (v]u)
since dg = dh —see [28]. If, on the contrary, |u) and |v) are orthogonal, analogously as
for Eq. (1.74), one finds

Tuw = {al [dgR(g)[u)(v|R(g)la) —/dh(um(h)\a><a\RT(h)!v> = Ta,a(ulv) = 0. (1.75)

The trace formula is now easily found by using the Schmidt decomposition of the

operator A as A =), a;|u;) (vs:

[ taRig) AR (g ZaZ/ng (R () = 3 s

= Zai vilui) = TrA v (1.76)

Tomography theorem for trace—class operators. Let A be an arbitrary trace—
class operator on the Hilbert space H of the system and R an irreducible unitary square

integrable representation on ‘H of the tomographic group T'. Then
A= /dg Tr[ART(9)]R(9g) . (1.77)

[Notice that this result was already obtained as (1.67) in the previous subsection.|

Proof: Let O be an invertible trace—class operator, it follows that R(g)O is trace—
class for any g € T'. Hence it is possible to obtain, by applying the trace formula (1.70)

twice
[ 9 4R (9))0R(9) = [ df TR ORI (54 (1.78)
Take a basis {|k)} in H, one can obtain, using again the trace formula (1.70),
/dg Te[R(9)O)(i|R' (9)Alj) = /dg > _(KIR(9)Ok) (iR (9) Al)
k
= Z k|OTx [[k) (il] Alj) = (i|OA]j) - (1.79)
From Egs. (1.78) and (1.79) it follows immediately that

/ dg Tr[AR' (g)]OR(g) = OA | (1.80)
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which yields the thesis (1.77) by multiplying to the left both members by O~l.v
It is trivial to extend theorem (1.77) to the case of projective representations, i.e.

group representations for which, given ¢1, g2, g3 € T such that g; - go = g3, one has
R(g1)R(g2) = 2R (gs) , (1.81)

¢ € R being a phase factor depending on g; and go.

Analogously as in the previous section, we can use Eq. (1.77) to obtain an algo-
rithmic estimation procedure. In fact, consider the usual parametrization of the UIR
group R(g) = U with U basis vector of the Lie algebra of T and 77 and v varying
in s and W respectively. Take the expectation values of both members of (1.77) and
calculate the trace on the quantum state p of the system using the eigenvectors of
the observables 7 - U. By introducing the Jacobian J for the coordinate transforma-
tion dg = dni dip J(7i,1) and the probability pz(z) of obtaining the result x for the

—

measurement of 7 - U, you would obtain
(4) = [ dg (AR (G)R(9)) = [ i [ v 1(0) T A e V) Txfp 7
s \'4
= / dit / dip J (i, ) / dz pa(z) Tr[A e W(U-2)] (1.82)
S v Xﬁ

which yields Eq. (1.66) by defining the “Kernel function for the trace—class operator”
A as

KalAl(z) % /qu dip J(7, ) Te[A e F0-2)] (1.83)

Thus the same algorithmic tomographic method described in page 31 applies here.

From result (1.77), with an appropriate choice for the tomographic group and the
irreducible representation, it is possible to prove the formula for spin tomography (2.22)
—derived in Sect. 2.2— and for optical homodyne tomography (1.15) —see Sect. 2.1.
Notice that the unimodularity hypothesis given in the definition of tomographic group
T can be relaxed without losing most of the results we gave in this section.

In conclusion, in this section we re-derived the formulas and the procedures we
showed in the previous one, here for the case of trace—class operators. Though less

general, the formulas we have obtained here are much easier to derive.

1.2.4 Monte Carlo methods for tomography

In this subsection we will very briefly review the basics of the Monte Carlo integra-

tion techniques that are needed for the tomographic algorithmic implementation. We



36 Chapter 1 General tomographic method

explain how it is possible to evaluate the statistical error bars of the tomographically
estimated quantities. Finally, we give tests for checking the experimental or simulated
data statistics (such as the x? test). In the course of this thesis various other Monte
Carlo techniques have been exploited for simulating the experiments (such as quantum
jump, cumulative distribution technique or metropolis algorithms). These will be an-
alyzed along with the simulations, while here we give only the techniques which are
basic for any tomographic experiment (real or simulated).

The tomographic method for the evaluation of arbitrary expectation values (see

Sect. 1.2.2), is based on the integral (1.66) on the experimental data. It is of the form

F = /+O<> dxp(z) f(x), (1.84)

where p(x) is a probability, i.e. p(z) >0 Vz and [dz p(z) = 1. Since we have experi-
mental outcomes {z,, n = 1,--- N} distributed according to the probability p(z), we
would like to sample the integral (1.84) using the limit

400 1 N
| dono) ) = Jim & > fle). (1.85)
Obviously in any practical case it is not possible to estimate the limit (1.85), but one

has to approximate the integral with a finite sum of IV elements

1 N
Fy =2 f(an) . (1.86)
n=1

To estimate the error one makes in the approximation, and to see if and how this error

decreases increasing the number N of data, one needs the central limit theorem [30].

Central limit theorem. Consider N statistically uncorrelated random variables {z,
n = 1,---,N}, with mean values ju(z,), variances 0*(z,) and bounded third order
moments. If the variances 0%(z,) are all of the same order = the statistical variable

“sum” y, defined as

N N N
Yy def Z zn , has mean u(y) = Z p(zy) and variance 02(y) = ZUQ(Zn) . (1.87)
n=1 n=1 n=1

The distribution of y approaches asymptotically a Gaussian for N — oc.

In practical cases, the distribution of y can be considered Gaussian already for as
low as N ~ 10. For our needs the hypotheses are met if the kernel function f(x)
has limited moments up to the third moment, since all the x,, come from the same
probability density p(z), and hence all the z, & % () have all the same variances

(and means).
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Using the central limit theorem, we can conclude that y = F}y is a statistical variable

distributed as a Gaussian (for N 2 10) with mean value

F

uyzzﬁ =F (1.88)
n=1
and variance
N M
1 1 o?(F)
20N _ . N2 2

o (y) = 2 ZA}EHOO i Z [f(zj)]” = F* = N (1.89)

n=1 7j=1
since we have p(zy,) = % lim s Z]J\il fg\:zj) = % and 0%(z,) = ﬁ lim s ﬁ ij‘il[f(mj)]Q—
F? = Uj\(,QF) for any n. We see also the tomographic estimated quantities converge with

1
VN’
Since the statistical variable Fjy converges to F' and is distributed as a Gaussian

statistical errors that decrease as

(at least for N 2 10) we can also evaluate the statistical error bars associated with
the tomographic reconstruction. In fact divide the experimental (or simulated) data
{z,} into N statistical blocks of equal dimension M. Then evaluate the tomographic
integrals of the form (1.84) on each block, using the finite estimation formula (1.86).
The set F,, (n = 1,---,N), which we showed Gaussian distributed, is obtained. It is

possible to estimate the Gaussian mean value and variance, as

N

1
F)=—>Y F, 1.
m(Fy,) N; (1.90)

and

1 N
2(F) = —— F,—m)?. 1.91
s°(Fn) N_ln:1( m) (1.91)

[Remember that the factor N —1 in the variance denominator arises from the fact that
we are using the “experimental” estimated mean value m in place of the “real” one
p.] Eq. (1.91) gives the estimation of the variance of the data. The variance of the

statistical variable ‘mean m’ is given by [30]

1 Y 1 1
o(m) = o? (N ZFN> =3 Y o*(Fy) = NUQ(FN) , (1.92)
n=1 n=1

and thus the ‘error bar’ on the mean m estimated from the data is given by

1 N (F, —m)?
€= s(Fy) = nz_:l NN-D (1.93)

From the Gaussian integral one recovers the usual statistical interpretation to the ob-

tained results: the “real” value F' is to be found in the interval [m — €, m + €| with
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Imaginary part . Real part
i T T 2 T

A Lt

Figure 1.1: Example of the statistical checks that can be performed for checking the
tomographic reconstruction. Left: the data estimated on the blocks is distributed as a
Gaussian. This assures that no systematic errors are present in the experimental (here
simulated) data. Right: a “bad” check. There is evidently some error in the statistics.
These are checks taken from actual data analysis batches for the simulation of the
reconstruction of the Schrédinger cat density matrix as described in Sect. 3.3. The
data, in particular, refers to the evaluation of the (imaginary part of) matrix elements
in the Fock basis.

~ 68% probability, in the interval [m — 2¢,m + 2¢] with ~ 95% probability and in
[m — 3e, m + 3¢] with ~ unit probability.

In order to test that the confidence intervals are estimated correctly and that errors
in the data analysis or systematic errors in the experimental data do not undermine
the final data, one may check the F, distribution, to see if it actually is a Gaussian
distribution. This may be done by simply plotting a histogram of the block final data
and comparing it “by eye” to a Gaussian, as exemplified in Fig. 1.1, or by using the
x? test, which proceeds as follows. Starting from the histogram of the F), distribution,

consider the quantity

X (pn — n)?
CEY W~ Bn) (1.94)
n=1 Hn

where N is the number of bins in the histogram, p,, is the number of data in the nth
histogram bin, and u, is the number of points we would find in the same bin if we
considered a Gaussian of mean m and variance As®. It can be shown [30] that the
statistical variable x? defined in (1.94) is actually distributed as a x? distribution with

v = N — 1 degrees of freedom, i.e. as the distribution

2
e 2 2 1.95
wi2r(wj2)" " ¢ (1.95)

def 1 v—2 z

D(z,v)

Thus, the confidence level of the estimated Gaussian, i.e. the probability that we have
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estimated through m and As? the correct Gaussian from the obtained data, is
+o0o
P= / dx D(x, N —1) . (1.96)
X2

If we obtain a low confidence level P, then the error bars are not correctly estimated,
as the data is not Gaussian.

Notice that the procedure for the estimation of the error bars described here must
be modified when we have very low statistics. This may happen when the block mean
values converge too slowly. This, for example is the case of the tomographic test of
Bell’s inequalities, which is described in Sect. 3.5. In such cases it is not possible to
divide the whole set of data in IV equal sized sets, where we remind that /N must at least
be of the order of 10. In such cases one must consider only one block, on which the mean
value m is calculated. Then, one builds a histogram of the experimental data x; and
estimates the statistical distribution of these values. Using a computer simulation, one
must extract another N data sets of variables z; from the estimated distribution and
use these sets to calculate the F,,, n =1,---, N. These F,, are to be used through (1.91)
only to estimate the statistical error bar, and not for the tomographic reconstruction
of m, which would otherwise be biased. This is the method commonly used by particle
physicists [31], which often deal with low statistics events.

In this subsection we have assumed that the tomographic integral takes the form
(1.84). Actually, the tomographic evaluation integral (1.66) is a double integral, on the
variables 77 and zz. This poses no problem, since one can show that a relation of the

type (1.84) holds also for double integrals, namely

N—oo

+oo +oo 1 N
F = lim — Y F(zn,yn) , 1.
| de | st P = i N 2 Fanan) (197)

with the couples {(zy,yn)} distributed with probability p(z,y).
In this subsection the practical methods for obtaining the tomographic estimates
and the associated error bars has been illustrated, and the necessary Monte Carlo

techniques have been introduced.

1.3 Further developments of the theory

Here the general tomographic theory that was studied in the previous sections is devel-
oped in detail. In particular here we will analyze: 1) the noise deconvolution scheme
[7, 8], which allows to eliminate (at the data analysis stage) the experimental noise
that arises from imperfect detection, lossy devices, etc.; 2) the adaptive tomography
technique [10], which allows to tune the unbiased tomographic estimators to the exper-
imental data one obtains, in order to reduce the statistical noise; and 3) the renormal-
ized tomography technique [7], which seeks the removal of divergencies in tomographic

reconstructions by using the Null estimators.
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1.3.1 Noise deconvolution

In this subsection we see under which conditions and for which detection schemes it is
possible to devise noise eliminating mechanisms at the tomographic data analysis stage
for state reconstruction. Essentially it is possible to eliminate detection noise when it
is possible to invert the noise CP-map.

We start by introducing a definition of the noise process. These can always be
described by a unit preserving CP-map, an application I" : L(H) — L(H), that maps
system operators into system operators. The noise can actually be deconvolved at the

data analysis if

e the inverse of I' exists, namely I'™1 : £(H) — L(H), with T~ [['[4]] = A, for
VA e L(H).

e the estimator £4[A](Q)) is in the domain of I'~!
e the map I'"! [£,[A](Q))] is a function of Q).

This is the case, for example, of the noise arising from the limited quantum efficiency
n of the homodyne detectors [9]. If the above conditions are met, we can recover the
“ideal” expectation value (A) that we would get without noise. This is achieved by
using, in place of the estimator (1.56) obtained from the tomography theorem, the

following ‘deconvolved estimator’,
! [Sﬁ[A](ﬁ- U‘)} =Ty [A 10! [Eﬁ(ﬁ- (7)” . (1.98)

As an example for the noise deconvolution described here, in Sect. 2.1.3 we will
analyze the case of homodyne tomography, where the limited quantum efficiency n <
100% of homodyne detectors has the effect of a Gaussian convolution of the quadrature

probabilities and its effects can be beaten with the technique described here.

1.3.2 Adaptive tomography

In this section we will analyze the adaptive tomography technique [10]. The essential
idea is that the tomographic Null estimators (NE), introduced in Sect. 1.2.2, may be
used to reduce the statistical noise arising from the fact that in an actual experiment
(or numerically simulated experiment) the experimental data is always finite.

The addition of a NE in the ideal case of infinite statistics does not change the
measured quantities, as shown in Eq. (1.69), since the NE mean value is zero. In the
realistic case of finite statistics, the mean values that are output by the tomographic
process are statistical variables. As shown in Sect. 1.2.4, by taking partial tomographic
averages of the data by dividing it into statistical blocks, one finds that the obtained

mean values are gaussian distributed (provided, as should always be, that the Kernel
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function K satisfies the hypotheses of the central limit theorem). Thus, one may look
for a procedure capable of reducing the variance of the tomographically estimated mean
values. In fact, consider the class of equivalent estimators (estimators differing only by
NEs), i.e.

M
EVANQ) = EANQN) + D wiNi(@y) (1.99)
=1

where £,[A](Q)) is the tomographic estimator for the operator A whose mean value
we are measuring. Each estimator in the class & will be identified by the coefficient
vector 7. The variance of the tomographic quantities can be estimated as (dropping

the dependence on A and Q))

M M
N2E[A] = N2E[A|+2) " uiNE[A] + Y v NN (1.100)
=1

1,j=1

where F(Q,) & ([ du(X) F(Q,)), and obviously
2
APE[A] & < [anegianes) - ([ anonextaien) > S oy
In Eq. (1.100), we used the defining property of the NE, namely
M
([ auesiaiey) - < [ anveniai@ + ZuiM<@A>> for any 7. (1.102)
i=1

Now the estimated “modified variance” AZ2E'[A] are minimized with respect to the

coefficients v;, and we obtain

M
Y viNiN; = —E[AN; (1.103)

j=1

which can be solved starting from the tomographically estimated mean values, with the
vector I/ as unknown. Notice that the obtained vector 7 will depend on the experimental
data, and has to be calculated with the above procedure for any new set of data.

Actually the adaptive tomographic algorithm consists in the following steps:

e Find all the null estimators N;(Q)) (i = 1,---, M) for the quorum Q which is

being used in the experiment.

e Execute (or numerically simulate) the experiment and collect the input data.

e Calculate, using the obtained data, the mean values N;N; and E[A]N;, and solve
the linear system (1.103), to obtain 7.
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e Use the vector / obtained in the previous step to build the ‘optimized estimator’
E'A] = E[A] + >, v N;. The mean values one want to measure must now be
evaluated (using the data collected in the first step) with the usual tomographic

formula, but employing ‘optimized estimator’, i.e.
) = [ ) €A1@) (1100

e For each new set of data the whole procedure must be repeated, as 7/ is dependent
on the data.

Notice that also the mean values are changed in the adaptive tomographic process:
remember that null estimators do not change mean values only in the limiting case
of infinite statistics. In fact the estimated mean values are changed in such a way
as to reduce the dispersion of the estimated data. Refer to [10] for striking examples
of simulations of such a procedure, which does efficiently reduce statistical noise of
tomographic reconstructions.

The procedure described in this subsection may be labeled ‘passive’ adaptive to-
mography, as it only deals with the data analysis stage. A further evolution of the
scheme is the so called ‘active adaptive tomography’ where also the observables in the
quorum on which the experimental data is obtained are tuned according to the partial
set of data already collected with a sort of feed-forward mechanism. We will not go into

any more detail on this new technique, since it is currently still under development.

A new iterative adaptive tomography technique is now proposed. In fact, for trace-
class operators one can use Eq. (1.67) for (A) estimation, and thus (introducing the

null estimators) it is possible to obtain

(A) = / dn /qu dipJ / da Tr[A e~ 70| Tr[p ¥

:/Sdﬁ[I,de/d:rTr L NG U)

Tr[gewﬁﬁ]
One can see that in Eq. (1.105) the Kernel depends not only on the operator A to

I

St

Ul Tr[o N (7t - U))]

A e~ U Tr [g ewﬁ'ﬂ . (1.105)

estimate and on the null operators N, but also on the state g itself. One should then

use Eq. (1.105) to improve iteratively the tomographically estimated o.

1.3.3 Renormalized tomography

This technique [7, 32] seeks the removal of divergencies that affect some tomographic
reconstructions, as for example the homodyne tomography with low efficiency photode-

tection (n < 50%). The main idea, which basically still has not found any practical
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application, is to use the Null estimators N (Q)) introduced in Sect. 1.2.2 to force the
convergence of otherwise unbounded Kernel functions.

In fact, from Sect. 1.2.4, we know that one can be confident when estimating an
expectation value (A) with the tomographical procedure (1.66) if the Kernel function
K;[A](x) defined in (1.65) is bounded. In this case the central limit theorem ensures
that the integral (1.66) calculated with Monte Carlo techniques converges for any a
priori unknown probability distribution pz(x). However, nothing guarantees that the
Kernel function is bounded, and actually there are cases when it is not. In these cases,
one may try to find in the class of equivalent unbiased estimators (i.e. estimators
differing by a null estimator) one that yields a bounded Kernel function. For estimators
of the kind

ELA|(7 - U) = Ex]A|(7 - U) + N(7 - U), (1.106)
one finds the Kernel functions
Kjj[Al(wr) = KalAl(zz) + alelN (7 - U)la)s = Kq[A](wq) + N(zz) ,  (1.107)
with A/ having the only constraint
/dﬁ N(zz)=0. (1.108)

Thus, by varying N in the class of functions that satisfy (1.108), one has to find a
bounded K’, using an unbounded null function to remove the unbounded part of the
Kernel.

Hopefully the renormalization technique may lead to mitigate the exponential diver-
gency of the homodyne tomography Kernel function when the quantum efficiency goes
to 50%. This would also enhance the reconstructions for higher 1, as one would obtain
cleaner (i.e. less statistical noise) low-number of data reconstructions. Presently, as

already remarked, such a goal has not been achieved.



Chapter 2
State reconstruction techniques.

In this chapter the general theory analyzed previously is exploited by specializing it
to obtain the optical homodyne tomography and the spin state tomography. Optical
homodyne tomography is historically the first tomographic method and will be easily
re-derived from the general formulas, while recent spin tomography [5, 6] is devoted
to the reconstruction of unknown spin states of a single —or of more— particles. Ho-
modyne tomography is analyzed in Sect. 2.1 and spin tomography in Sect. 2.2. The
Kerr tomography technique (see [33, 34, 35, 36]), a completely different optical state
reconstruction method, is examined in Sect. 2.3. Such a technique, based on “photon
filtering”, allows a reconstruction of the photon number distribution with very little
number of data. The apparatus which the technique is based on can also be used for
the reconstruction of a truncated radiation density matrix or alternatively, with minor
changes in the setup, for the generation of Fock states and of selected superpositions of
Fock states. The apparatus relies on a ring cavity coupled to a signal mode through a
high Kerr medium. Our Monte Carlo simulations show that the experiment might be

feasible with current frontier nonlinear technology.

2.1 Homodyne tomography

In this section we will derive the optical homodyne tomography, which estimates ar-
bitrary operator expectation values on radiation states starting from data collected
through homodyne detectors. This is historically the first tomographic method that
was proposed and has already been rapidly described in the history section 1.1. Here
it will be analyzed starting from the general theory described in Sect. 1. In particular
we will see how the noise deriving from imperfect homodyne detection can be beaten
applying the noise deconvolution described in Subsect. 1.3.1. Before analyzing the data

tomographic technique, we must describe and analyze the homodyne detector.

44
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Output
signal 1

Figure 2.1: Homodyne detector. The input signal (in mode a) is mixed by a 50-50
beam splitter (BS) with a strong pump (LO), which is coherent with the input field
and is itself in a coherent state. The relative phase ¢ between the signal and the
pump must be known and should be varied randomly in [0, 7] with uniform probability.
Two identical high efficiency linear photodetectors P; and P, measure the field. The
photocurrents are then accurately subtracted electronically and the output data I is

obtained.

2.1.1 Homodyne Detection

The balanced homodyne detector (see for example in [37]) measures the quadrature
observable of the field, defined as in (1.9), i.e.

a1 .
Ty o i(aTew + ae™?) | (2.1)

where @ and a' are the annihilation and creation operators for the electromagnetic
field. The experimental setup is shown in Fig. 2.1. Its components are: a 50-50 beam
splitter (BS); two high efficiency linear non—single photon resolving detectors; a circuit
for exactly subtracting the photocurrents output by the two detectors; and a strong
coherent pump field, called local oscillator (LO) that must be coherent with the input
field to be measured, and whose phase ¢ relative to the input field must be varied
(and the value of ¢ must be known). Obviously various (optical and-or electronic)
filters may be added at the various stages. The experimentally critical and challenging
issue comes from the fact that the whole setup must be perfectly balanced, i.e. the
components must be perfectly symmetrical. In fact one uses the excited coherent pump
to amplify the weak quantum signals of the input so that one can use high efficiency
detectors that that work fine only with strong signals. However, in order to recover
the quantum features, one must remove (by subtracting the two photocurrents at the

electronics stage) the strong current coming from the LO detection, leaving only the
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weak signals.
We now give an intuitive description of the working of the homodyne detector. The
input—output transformations of the modes a and b that impinge into a beam splitter

with 7 transmissivity are
c=a\T+bV1l—-7, d=a/T—-bV1—1, (2.2)

where ¢ and d are the two beam—splitter output modes, each of which impinge into a
different photodetector. In this case we need a 50-50 beam splitter, hence 7 = % The
difference of the two photocurrents is the homodyne detector’s output, and thus it is

proportional to

cfe—dld=a'b+dla, (2.3)

where the transformations (2.2) were used with 7 = % In the strong local oscillator

limit, with mode b in an excited coherent state |3) (5 > 1), the expectation value of
the output is (a!)3 + (a)3*. By rescaling the output difference photocurrent with two
times the LO amplitude |3], since the pump is coherent with mode a and dephased by

a phase ¢, one obtains the output of the homodyne as

0= lim 10| (a e ¢ 4+ qf ei‘i’)
18] —00 2|8

Let us now analyze the detector noise coming from non-unit quantum efficiency

= ay. (2.4)

7 at the detection. As was shown by Mandel, Kelley, and Kleiner [38], an inefficient
detector is equivalent to a perfect n = 100% detector, preceded by a beam splitter
with transmissivity 1. Thus, the action of inefficient photodetection on the overall
performance of the detector is obtained by inserting two beam splitters in front of the
two photodiodes of the homodyne scheme. Thus, using the relations (2.2), modes ¢ and

d become

¢ =ne+/T—nu and d = d+/1—nv, (2.5)

where u and v are vacuum modes. The homodyne output, proportional to ¢/f¢/ — d'td’,

should now be rescaled also by 77 and is proportional to

L=mn(a'b+bla) 4+ (1 —n)(ulu+vlv)

. CL;mnM@J+UU+bwT_Um+auu+v)+ﬂmr—wk (2.6)

As was done above, we take the limit of strong pump b as in (2.4) and rescale the

output difference photocurrent by 2|3|n. We obtain

1—

Mg —vg) (2.7)

L
O= lim ——— =ay+
Bl—c0 21Bln ¢ 2n

where modes u and v are in the vacuum state.
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2.1.2 Quantum homodyne tomography

Here we specify [5, 7, 8] the general group tomography theory of Sect. 1.2 to the case
of homodyne tomography [1, 2, 11, 4].
The tomographic group T is the Heisenberg—Weyl group of the displacement oper-

ators, and its UIR is given by the unitary operators
R(a) = goal—ata ) (2.8)

where a is the annihilation operator of the field mode. If we look at only one mode
of the radiation field, then there is only an equivalence class in the Lie algebra. In
fact, a basis for its Lie algebra is composed of the operators a and af, with [a, aT] =1,

1 is composed by the quadrature operators ag, with ¢ € [0, 27].

and hence the quorum
Since the Lie algebra is here two dimensional, its fixed—length vectors are univocally
determined by the only parameter ¢, which here plays the role of 7 introduced in Sect.
1.2. The invariant group measure is given by d?a = dx dy, for a = x + iy, which, in
polar coordinates becomes d?a = d¢ ‘”fl—k fora = %ew, chosen so that aal —a*a = k g,

and the unbiased homodyne tomographic estimator is

Todk ko
Es[A](ag) = Try [A ®1 /O e e_lk(%@]l_]l@%)} . (2.9)
However, since ag = —ag4r, we can restrict the quorum to agy with ¢ € [0,7]. Thus,

the estimator becomes,

T dk |k -
Es[Al(ag) = Try [A ®1 / 4| 6lk(a¢®]l]l®a¢)] , (2.10)
or, for trace—class operators,
T dk |k - -
Es[A](ag) :/ 4” Try [A eilk%} etikas (2.11)

It is now immediate to obtain the formulas of the conventional homodyne tomog-

raphy, such as Eq. (1.15). In fact, for A trace—class operator one has
Tde [T dk|k » ,
A= / (Z)/ dk|k| Tr[A e~ tFas] gtikas (2.12)
o T —0c0 4

which is obtained by writing explicitly for the case of homodyne tomography Eq. (1.33).
Now the homodyne tomography formula, Eq. (1.15), is obtained by substituting the
density matrix g in place of A and by calculating the trace using the complete set of

vectors {|z4)}, eigenvectors of the quadrature agy.

"We consider the Hermitian operators that are vectors of fized length k = % in the Lie algebra.
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2.1.3 Noise deconvolution

In this subsection we apply the noise deconvolution technique, which was presented in
Subsect. 1.3.1, to the case of homodyne tomography. In the case of inefficient n < 100%
detection, the output of the homodyne is given by Eq. (2.7), where modes u and v are
in the vacuum state. In this case the effect I' of the quantum efficiency on the estimator

is given by noticing that

Ilexp(ikag)] = w(0| (0] exp [zk <a¢ + \/?(qu — v¢)>} |0)4]0), (2.13)

where Eq. (2.7) was used and where the vacuum modes v and v were traced out. Since

one has
. i\ 4 L
(01 0) = (0] exp {Zza eﬂ exp [2‘” ew] V) =N (214

we can conclude that

1
I'lexp(ikag)] = exp <ika¢ - 8k2A2) , (2.15)
with A &,/ 12_—7777 Obviously,
1
I [exp(ikay)] = exp (z’kad, + 8k2A2) . (2.16)

—

To obtain the deconvolved estimator (1.98), we need to calculate I'"[Ex(7 - U)], that

in this case writes

oo dk |k . .
= / 4" et A% (gmikas @ 1)(1 @ eF o) (2.17)

—0o0

From this equation it is immediate to obtain the Kernel operator of the homodyne
tomography for non-unit quantum efficiency that was introduced in Sect. 1.1.3, i.e.
Eq. (1.20).

For examples of kernels for various operators A, we refer the reader to [4] and [11]
that contain the complete theory of conventional homodyne tomography.

In conclusion in this section we derived the principal formulas of conventional quan-
tum homodyne tomography, starting from the general theory of Sect. 1.2. These for-
mulas will be extensively used in Chap. 3, where various applications of homodyne

tomography will be proposed and thoroughly studied.
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2.2 Particle domain: Spin tomography

In this section we will derive the spin tomography [5, 6], which estimates arbitrary
operator expectation values on angular momentum states starting from data collected
through Stern—Gerlach devices. As for the case of homodyne tomography, also here
the theory follows directly from the general group—formulation of Sect. 1.2. In the first
subsection we analyze the case of a system composed of a single spin, using a continuous
tomographic group. In the next subsection, the experimental apparatus and some
simulations will be given for the reconstruction of the single spin state. In the third
subsection an equivalent formulation of the spin tomography is given for the case of
spin 1/2 and spin 1 particles in terms of finite tomographic groups, and a comparison to
conventional SU(2) group formulation is given. In the following subsection we extend
the theory to the multi-particle case. For distinguishable particles the extension is
rather trivial. For the indistinguishable particle case, in order to obtain the global
density matrix, an analysis of the density operator of indistinguishable multi-particle
states and the observability of such a system is needed. This will allow the state
reconstruction for spin % particles from the measurement of global quantities only. In

the last subsection we show the feasibility of the proposed experimental reconstructions.

2.2.1 Single particle continuous spin tomography

Starting from the tomography theorem (1.56), we now specify the physical system as
a single spin. In this case H = C?2*t!, s being the spin of the particle. For such
a system, we can choose the group SU(2) of 2 x 2 unitary matrices with unit deter-
minant as tomographic group 7T. In fact it is a connected Lie group and it induces
a unitary irreducible representation on C2$*1. As will be seen in the following, the
choice of SU(2) as tomographic group 7T is not unique. A basis for the Lie algebra of
SU(2) is given by the angular momentum operator components s, s, and s, and the
group SU(2) can be parametrized through the “rotation parameters” (7, 1) —where
1 = (cosgsind, sinpsind, cosd), ¥ € [0,7], ¢ € [0,2n], and ¢ € [0,27]. The group

elements are obtained through exponentiation of the Lie algebra as
R (g(ii, ) = e ™, (2.18)

where § is the particle spin operator. The quorum is the set of operators Q = {7 - s,
with 77 in the unit sphere}, i.e. the measurement of the spin in all directions 7. The

group invariant measure [27] for SU(2) is, with the (7, ) parametrization,

. 2541

The measure (2.19) normalization is such that

/ dg |(u|R(g)[v)
T

sin? 3 sind dydidep . (2.19)

2=-1, (2.20)
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for any two vectors |u) and |v) in C 2**1 as shown in Property 2, given in page 26. It
is now easy to obtain the spin tomography starting from the tomography formulas for
trace—class operators Eq. (1.67), from which it is possible to find
o= 25D /27r dipsin? ¥ /7r 9 sin 9 /% dg Tr [Q e ﬂ STV (221)
ar? - Jo 2 Jo 0
Evaluating the trace over the complete set of vectors |77, m) (which are the eigenstates

of §- 1, relative to the eigenvalue m), we find

s

> palm) Ko(m—5-i) (2.22)

m=—s

dn

0= in

by defining the Kernel operator as

. 9 1 27 )
K, (z) & 25+ 1) /0 dip sin® % e (2.23)

s
and by noticing that (7, m|o|7i,m) = pz(m) is the probability of obtaining the eigen-
value m when measuring the spin in the 77 direction. Notice the strong analogy of
Eq. (2.22) to the homodyne tomography formula (1.15), analogy that is obviously due
to the general group theory framework from which the two formulas can be made to
derive.

How do we use formula (2.22)7 In order to measure the matrix elements g; =
(ai|olay) for all 4,1 ({]a;)} being a basis for Hs), we only need to calculate (a;|K(m —
§-1)|a;) and to measure pz(m).

The most convenient choice for the basis {|a;)} is the set {|m)} of eigenvectors of s,
(m = —s,...,s). Thus, the calculation of the matrix elements of the kernel operator,

by defining A, = (I|, m), yields

. > = (23+ 1) o oW - —ip(m—m’ *
(i|Ks(m — - m)|l) = 7T/0 dip sin? 5 mz e~ ))\i,m’)\l,m/

I—_g

i Af + Nim—1AS
= (25 +1) (A,-,m/\;jm A Ame " m 1) . (2.24)
Observing that
73, m) = e~ ) (2.25)
with 7, & (—sin, cos ¢, 0), the evaluation of A; ,, is given by
)‘lﬂﬂ — <l|ei19(sin Sz —COS PSy) |m> _ <l|e—i<psze—i195y ei(psz |m>
=m0 /(s +m)!(s —m)!(s +1)!(s —1)!
—1)¥ Y\2s+m—1—-2v(__ o1, ¥\l—m+2v
(=1)"(cos ) (—sing) (2.26)

zl,: (s—1l—v)(s+m—-v)(v+l-—m)v!’

where the sum is performed over the values of v for which the argument of the factorials

is non-negative. In the last equality we used Wigner’s formula [39].
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2.2.2 Single particle spin tomography experiment

In this section we will present the method by which, starting from the formulas for
tomographic spin derived in the previous subsection 2.2.1, the quantum state of a sin-
gle spin state may be recovered experimentally through an apparatus derived from a
conventional Stern—Gerlach scheme. The experimental setup must provide the mea-
surement of the probability pz(m) of formula (2.22). Since the integral of (2.22) is
evaluated with Monte Carlo techniques (as shown in Sect. 1.2.4) no binning of the ex-
perimental results should be made, but the obtained results should be inserted directly
in the sampling formula (1.86). The setup that will here be described, suitable for non

charged particles, is depicted in Fig. 2.2. The beam of particles we want to measure

S —

Source

N

8.9— Data analisy

Figure 2.2: Experimental apparatus for spin tomography. The Fizeau filter (F in the
figure) selects particles with the same velocity from an incoming beam. These are then
injected into a magnetic field él, which forms an angle ¢ with the y-axis and has
intensity proportional to 9. For the tomographic reconstruction the phases 9 and ¢
need to be varied during the experiment. The remaining part of the apparatus is a
conventional Stern-Gerlach scheme (in the figure we show the case of spin s =1 as an
example). A computer finally correlates the experimental results with the parameters

¥ and ¢, in order to reconstruct the density matrix, according to formula (2.21).

the state of impinges onto a Fizeau filter, which selects one velocity (in the = direction)
for the particles. This is needed in order to assure that each particle spends the same
amount of time ¢ in the subsequent magnetic field Bi. The field By, which is parallel
to the zy plane, is chosen so that §1 = Bi7iy = Bi(—siny,cos¢,0). In such way, its

effect on the spin state ¢ results in the unitary transformation U'p U, with
U = exp [iyB(sin s, — cos psy)t] . (2.27)

Eq. (2.27) follows from the Hamiltonian H = —/i - B, with i< hs (i being the

intrinsic magnetic moment of the particle, and v its gyromagnetic factor). Successively,
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the particles cross a gradient of magnetic field ég, whose effect is to split the beam,
giving a measure of s, for the state UTp U, as in a Stern-Gerlach experiment. In
this way we obtain the probability (m|UTe U|m), which is equal to pz(m) by choosing
By = —9/(~t), and by using Eq. (2.25). Therefore, by controlling the field By, we
obtain pz(m) for all . In fact the direction of B, selects o, while its intensity B;
selects ¢. Now, in order to reconstruct the density matrix, only data analysis is needed,
i.e. the insertion of the measured pz(m) into Eq. (2.22). In practice, a rather small
number of data is required to obtain negligible errors, as we will show by numerically
simulating the experiment.

We now present two examples of a numerically simulated tomographic reconstruc-

tion. We first simulate the case of a coherent spin state, i.e.
la), Eets+7- | _5) | aeC, (2.28)

where sy = s, + is,. Notice the similarity with the customary optical coherent state,
defined as |a) & e@'=a"a|0) where a is the annihilator operator for the optical mode
and |0) is the vacuum state. In Figs. 2.3 and 2.4 we show the reconstructed density

matrix geon = |a)ss{a| resulting from a Monte Carlo simulated experiment.

N

;Il/l
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Figure 2.3: Simulation of the reconstruction of the density matrix for a coherent spin
state geon. The parameters for the state are @ = 1 and s = 5. The simulation is

performed using 3000 spin measurements to generate the density matrix.

We now give a simulation of a thermal spin state, which is the mixture defined by

—€S
def € #

= — R. 2.2
Oth Tr[e*ESZ] ’ €c ( 9)

Physically this state describes a gas of non interacting spins in thermal equilibrium

with a reservoir at a temperature 7" and in the presence of a magnetic field B, parallel
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p(m)

Figure 2.4: Diagonal elements of the matrix given in Fig. 2.3. The error bars are
obtained, as described in Sect. 1.2.4, by dividing the measurements into 10 statistical
blocks and using the procedure described in Sect. 1.2.4. The solid line indicates the

theoretical value.

to the z-axis, i.e. ¢ = —yhB,/(KpgT), where Kp is the Boltzmann constant. In Fig.

2.5 we show the simulated reconstruction of g;,, and in Fig. 2.6 its diagonal.

Figure 2.5: Density matrix for a thermal spin state g4,. Here ¢ = .75 and s = 2. A

number of 60000 simulated measurements have been used in the reconstruction.

2.2.3 Discrete spin tomography

Up to now SU(2) has been used as tomographic group T for the reconstruction of the

spin density matrix. This choice for T is not unique. For example, in the case of spin
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Figure 2.6: Main diagonal of the matrix given in Fig. 2.5. The error bars, which in
this case are practically negligible, are obtained by dividing the measurements into 10
statistical blocks. The solid line indicates the theoretical value.

3
the vector of Pauli matrices. The following irreducible unitary representation on C 2

s = 5, it is possible to use also the group defined as T o {id, —id,1,—1}, where & is

exists

R(ioe) = R(—ioy) = 04, a =1z, Yy, 2
R(1) =R(-1)=1. (2.30)

Using this representation, from the tomography theorem (1.56), which can be used here
as this finite group is a subgroup of the Lie group of the rotation matrices, we obtain
1/2 1

= 1 — . 2.31

0 m;ﬂ a;7zp(na7m)maa + 9 (2.31)

Notice that, by using Eq. (2.31) it is sufficient to measure the spin in only three
directions.

Analogously, for spin s =1 it is possible to find a finite group in alternative to SU(2).

In fact, consider the 12 element tetrahedric group composed of the :E%?T rotations

around the versors {fi; = —=(1,1,1), 7y = %(1,—1,—1), fiy = 2 (=1,1,-1), iy =

V3 V3
%(—1, —1,1)}, of the 7 rotations around {75 = (1,0,0), g = (0,1,0), iz = (0,0,1)}

and of the identity. It induces a unitary irreducible representation on the space C 3,

given by the 3 x 3 rotation matrices. Hence, Eq. (2.22) now becomes

1 7
1 R Lo 1
o= > Zp(nj,m)Kj(m—S‘nj)JrZ]l, (2.32)
m=—1 j=1
with
2cos(3mx) j=1,---,4

Kj(z) = { oina i—567 (2.33)
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Notice that this last procedure does not make use of a minimal set of measurements,
since 14 experimental parameters must be determined in (2.32), whereas there are only
8 independent real parameters in the 3 x 3 density matrix. On the contrary, the case
of spin s = % outlined previously does use the minimal set of measurements for such
a system. In Fig. 2.7 a comparison between the two procedures for spin tomography
given by the continuous SU(2) tomography of Eq. (2.22) and discrete tomography of
Egs. (2.31) and (2.32) is shown through a Monte Carlo simulation. Notice that there
is no significant difference in the results, showing that there is no substantial need for a
procedure which involves a minimal set of measurements. For spins s > 1 an analogous
procedure holds: one needs to find a finite group such that it induces an irreducible

unitary representation on H = C 251,
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Figure 2.7: Monte Carlo comparison between continuous and discrete tomography.
Continuous tomography uses SU(2) as tomographic group and is based on Eq. (2.22),
while discrete tomography uses SU(2) finite subgroups and is based on the recon-
struction procedures given in Eq. (2.31) for s = § and Eq. (2.32) for s = 1. Left:
Convergence of the mean value of (s,) for a coherent o = 2 spin state for increasing
number of experimental data (the theoretical value is given by the horizontal lines).
The circles refer to continuous, the stars to discrete tomography. The upper graph is
for spin s = %, the lower is for s = 1. Right: Plots of the statistical error bars of the
graphs on the left vs. experimental data. The error bars are obtained by dividing the
experimental data into 20 statistical blocks. Notice that the two tomographic proce-
dures are essentially equivalent and that the error scales as \/% as shown in Sect.
1.2.4.
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2.2.4 Many particle spin tomography

The mathematical extension of the method to the case of a system composed of many
spins is trivial, yet, it predicts the necessity of performing measurements on single
components and this may not always be possible. For this reason, we need to further

develop the theory.

Distinguishable spins.

As tomographic group for a system of N spins we can simply use SU(2)". Since
in the case of direct product of Lie groups, the Lie algebra of the product group is
given by the direct sum of the single group algebras, the quorum is given by the direct
sum of observables living in the single particle Hilbert space C 25!, In this case, it
is necessary to use the general notation introduced in Sect. 1.2.2, and to divide the
Lie algebra into equivalence classes. As a consequence, the Lie coordinates vector @
is written as @ = (1,¢1;---;7L,¥), where (7;,1;) are the Lie coordinates of the
operators in the Lie algebra of the ith particle. As an immediate consequence of the

tomography theorem (1.56), we obtain that

N
(A) = dii; | d; [ do ps,(z) Te[Ae~®i0-2)] (2.34)
[T/ [ oo |

where each of the IV triple integrals in the above product may be evaluated using the
methods already analyzed in Sect. 2.2.2 for the tomographic reconstruction of the
single particle. In fact, up to equivalences, the UIR of SU(2)" are given by the direct
product of N operators (2.18) and the invariant measure is the product of N measures

(2.19). Thus, we attain readily the following generalization of Eq. (2.21)

25 +1) [P oy [T
0= H (ZETIQ)A dip; sin? 21/0 dd; sin ¥,
></ dp; Tr [g e e wi] eiSi i Vi (2.35)
0

where i is the particle index. Evaluating, as usual, the trace term in (2.35) on the eigen-
vectors of the quorum operators 7i;-5; we introduce the probability p(7iy, mq;---;7in, mar)
of obtaining m; as result for the measurement of the ith spin s; in the direction 7i;.
This information is accessible only in the case of fully distinguishable spins. For the
case of indistinguishable particles, some considerations are in order and we refer the
reader to the following subsection.

Instead of using SU(2)Y one may also use other groups for the single particle
spaces, as seen in Sect. 2.2.3, and generalizations of formulas (2.31) and (2.32) follow

immediately.
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In Fig. 2.8 a simulated tomographic reconstruction of the value of (S,) (S, being the
total spin component in the z-direction) is given for different multi-particle spin states.
Notice how the number of the necessary experimental data increases exponentially with

the number of spins, since the statistical error is exponential in the number of particles.
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Figure 2.8: Left: Plot of (S,) for different number of spins in a completely symmet-
rical state. A total of 10 measurements for each mean value was performed in this
simulation. Right: Semi-log plot of the error bars vs. the number of spins. Notice the

exponential increase in the statistical errors.

Indistinguishable spin 1/2 particles.

In this subsection we will analyze the case of indistinguishable spins. The general
theory for the reconstruction of the spin density matrix of such a system is lacking,
whereas it can be obtained and will be here described for the case of spin % [40].
Suppose we were given a system of N particles with the same spin. Such particles
may be treated as identical by introducing a new dynamical variable, as in the case of
the isospin. The spin density matrix (which is the partial trace over the orbital degrees

of freedom of the global density matrix) is completely symmetrical, i.e.
PoP ' =y, (2.36)

for any particle permutation P, because of the complete symmetry of the global density
matrix that describes both the spin and the orbital degrees of freedom.
It is also possible to see that the spin density matrix is block diagonal in the rep-

resentation of vectors of definite symmetry, with the subspace corresponding to each
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block spanned by vectors belonging to the same symmetry. In fact, given |¢) and |v)
vectors of different symmetry type [41], then (¢[)) = 0. Hence, for any operator p,
satisfying (2.36), one has (¢|g|)) = 0, as g|1)) belongs to the same symmetry type as
|¥).

Since the square of the total spin S? and its z component S, both commute with
all permutation operators P, the common eigenvectors of S? and S, may be taken as a
basis for each of the diagonal blocks of the spin matrix. Let us now restrict our attention
to s = 1/2 spin particles. In this case, to each symmetry type there corresponds only
one value of S, where S(S+1) is the eigenvalue of S2. In fact, given [\ A2] the partition
of N which defines the class of permutations P that indicate a symmetry type, we find
S = %()\1 — A2) [42].

Let Hg s be the space of vectors with assigned S and M (M being the eigenvalue
of S;). The spin density matrix restricted to Hg as, which is given by og s, is again
completely symmetrical, hence [P, o5 ] = 0. Moreover, Hg as is associated with an
irreducible representation of the permutations group [42]. By using Schur’s lemma, we
can thus conclude that pg s o< 1, 1 being the identity in Hg as. In Hg ps there may be
vectors of different symmetry type i, yet (i, S, M|os amli, S, M) does not depend on the
index i, so that the probability for the measurement of S? and S, does not depend on
the symmetry type. The same conclusion holds for the measurement of S? and S-m
for any versor m. Hence, from the arbitrariness of m, we conclude that blocks with the
same S (and different symmetry type) are coincident.

In conclusion, we have proved that in the {S?} representation g is block diagonal,
that each block corresponds to a value of S and that blocks with the same S are
equal. Hence, once more we can make use of the general theory of Sect. 1.2.2. In
fact, here the Lie algebra is a direct sum of spin operators 5;, acting on C**! with
i=a, a+1,--,N/2 (a = § for N odd, and a = 0 for N even). Thus, from the
tomography theorem, (1.56) and using the formula (2.22) we find that each block of

the density matrix is of the form

95 1 27 ) T 27 . R
0i = (Z—Z) / d?ﬂz Sin2 % / d?% sin 191/ ngz‘ Tr |:Q e ¢i] PR ¢i7 (2'37)
s 0 0 0

and
d;0i (2.38)

where d; is the number equal g; blocks contained in p. In conclusion, applying Eq.
(2.22) to each block, we can reconstruct ¢ measuring only the global quantities S? and
S .

Some examples will clarify both the theory and the needed experimental setup.
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In the case of two spins 1/2, the spin density matrix will be of the form

o11 o012 o013 0
021 022 023 0 | aer

0= =0cda, (2.39)
031 032 o33 0

0 0 0 «

where the o block corresponds to the subspace spanned by the eigenstates of S = 1
(which are symmetrical with respect to particles permutations), while the « block to
the subspace spanned by the only eigenvector of S = 0 (anti-symmetrical with respect

to permutations). Applying (2.22) to each block one finds

1

i . .
o = [ - > p(§=1,8ii=M)K(M-S-i)
M=-1
® p(S=0). (2.40)

According to (2.40), in order to measure g, we only need the probability distributions
p(S, S i), corresponding to the operators S? and S. 7, for all 77, which can be suitably
recovered using the apparatus depicted in Fig. 2.9, which will be analyzed later.

Similarly, the spin density matrix of three spins 1/2 is

& &2 &3 &a O 0 0 O
&1 &2 &3 &4 0 0 0 O
&1 &3 &3 &4 0 0 0 0
o= 41 &a2 &3 &4 OO0 0 O (2.41)
0 0 0 0 7 m 0 0
0 0 0 0 w4 m 0 0
0 0 0 0 0 0 74 7%
0 0 0 0 0 0 7 7%

The £ block corresponds to S = 3/2, whereas the 7 blocks both correspond to S = 1/2,

and are distinguished by their different symmetry properties. The argument presented

previously proves that 7ri1j = 7?2

@5
def 1

7 = nt = 72, Again, applying (2.22) to each block leads to

for all 4,4, thus we can write p = £ ® 7w & m, with

i 3 o .
f—/zm }:3 p(S = 5.5 7= M) Ky (M = §-70), (2.42)
)
3
di & 1 1o o
7T_/47T S P(S = 5.8 = M) Ky (M~ §7), (2.43)

and the problem of determining p is again reverted to the simultaneous measurement
of 2 and S - 7.
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Both in the cases presented and in the general N spins case, the required exper-
imental data are the distributions p(S,g - 7). The apparatus to produce such data
are basically equivalent in the two cases, as evident in Figs. 2.9 and 2.10, hence we
shall limit the analysis to the two spins case. Here, the Fizeau filter and the magnetic
field él = Bifi; = Bi(—singp,cos¢,0) have the same purpose as in single particle
tomography (Fig. 2.2).

Z
M
B
s -
7. .7 A

TR,

6.9 # Data analisys

Figure 2.9: Experimental apparatus for the tomography of systems composed of two
spins %

Consider a beam of n non—interacting systems composed of two particles with spin
1/2. As the analysis can be immediately extended to a mixed case, for simplicity let

us consider each system in the pure state
‘\IIO> = 78‘07 0> + 7g1‘17 _1> + 78|17 0> + 7?‘17 1> ) (244)

with |a,b) standing for |[S = a, M = b). The beam is split into three parts by the
gradient EQ, and the systems arrive in detector B with a probability p(S = 1,M =
1) = |7§|> and in detector C' with a probability p(S = 1,M = —1) = |y%,|?>. The

remaining particles reach position A with a probability
pa =1+ Il (2.45)
and are left in the state

[Wa) = —&(7°10,0) +1511,0)). (2.46)

1
—¢
paA
As the subsequent gradient is directed along the y axis, Eq. (2.46) is conveniently

written using the eigenstates of Sy, i.e. |S, M),:

1
|\IIA> = ]TA [78|070>y + ’Y(C)L a—1|17 _1>y +’y(()l a0|170>y
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+76 a1|1,1),], (2.47)

def

where o = 4 (1,4]1,0) (¢ = —1,0,1). Hence, the probability for a system to arrive at
detector D is

ps = [ + 1l aoP]. (2.45)
By measuring p4 and pg, the quantities |y%|? and |v§|?
tions (2.45) and (2.48). The coefficients [v¢|%, [v%]?, |7¢|*> and |y%,]* are the four
probabilities p(S, M) we need for the reconstruction given by Eq. (2.40).

are obtained by inverting equa-

z

e L
D D
VB, p D
e,q)# Data analisys

Figure 2.10: Experimental apparatus for the tomographic reconstruction of the spin

states of systems composed of three spin % states.

A similar argument shows that the equipment of Fig. 2.10 provides p(S, M), for all
S, M, for a system constituted of three spins 1/2.

2.2.5 Feasibility and conclusions

Notice that the orders of magnitude of the experimental parameters are such that
the experiment is feasible with currently available technology. Only as an example,
consider the following cases of spin measurements of electrons or nucleons. For the
magnet which is responsible for the field B, with length of the order of 1 ¢m, we
can measure the state of a beam of electrons with speed ~ 10 e¢m/sec, by using a
magnetic field By = ¥/~t varying between 0 and ~ 30 gauss. On the other hand, in
the nucleon case, choosing a speed of ~ 107 em/sec, we need B; ranging between 0 to
~ 10% = 10% gauss. Obviously, the parameters B, and t can be adjusted over a wide

range, according to the experimental situation.
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In conclusion, we have presented a tomographic experimental procedure for the
measurement of the spin density matrix. The experimental scheme is a consequence of
formula (2.21), which we proved from the general group theory tomographic formalism.
Through some Monte Carlo simulations, we have shown that the reconstruction can be
achieved with high precision using a limited number of measurements. Moreover, we
have shown that the orders of magnitude for the experimental setup are such that it

can be implemented with currently available technology.

2.3 Kerr tomography

In this section a completely different approach to optical quantum state reconstruction
is described and is compared to optical homodyne. The reconstruction technique is
based on an experimental setup, called ‘Quantum Fock Filter’ which was theoretically
developed and analyzed by our group in Pavia [33, 34, 35, 36]. The Fock filter was
conceived for the generation of optical Fock states, but can be used also to efficiently
measure the photon distributions of unknown input states, and thus, by applying the
procedure developed by Opatrny and Welsch [19] a truncated density matrix in the
Fock basis may be obtained. The derivation of this state reconstruction method from
the general theoretical framework of Sect. 1.2 can be derived, but will not be given
here since on one hand this is not an unbiased state reconstruction procedure (there is
a truncation parameter) and on the other hand this device is really efficient only for the
measurement of the photon probability, and not for the state measurement. Thanks
to its robustness to noise, this setup can be used as state measurement device (as op-
posed to conventional homodyne tomography) if the available photodetectors have low
efficiency. The experimental scheme is based on coupling a signal field to a ring cavity
through cross-Kerr phase modulation, and on conditional ON-OFF photodetection at
the output cavity mode. Remarkably, the detector’s quantum efficiency does not affect
the reliability of the state synthesis, or of the distribution measurement (as we will see,
it affects only the normalization).

As already anticipated, the same setup apart from measuring the photon distri-
bution of unknown quantum states, can be also used to prepare the radiation field
in a Fock state or in a selected superposition of Fock states or entangled two-mode
states. An analysis of this operation is in order, since the Fock state generator is useful
for many of the experimental setups that will be seen in this thesis. The generation
of optical radiation number (Fock) states is of importance for a number of different
applications, ranging from high resolution spectroscopy to fundamental tests of Quan-
tum Mechanics. In quantum communication, Fock states achieve the optimal capacity
of quantum channels [43], whereas in optical quantum computation superpositions of

Fock states are needed as input states [44, 45]. Moreover, the synthesis of Fock states
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allows to experimentally characterize active optical devices [46]. The proposed setup
can also be used to synthesize two-mode entangled states by using an additional Kerr
medium, with possible applications in quantum information and quantum teleportation
technology. In our proposal, a traveling wave mode is coupled to a ring cavity through
cross-Kerr phase modulation. The cavity mode serves as a probe, and a successful pho-
todetection at the cavity output reduces the signal mode to a predetermined output
state. The scheme works with high-Q cavities, conventional ON-OFF photodetectors,
and it needs relatively large nonlinearities. These should be available in the next-future
technology, since recent theoretical [47] and experimental [48] developments indicate
that huge Kerr phase shifts of the order of 0.1 radiant per photon can be obtained

through electromagnetic induced transparency.

2.3.1 Experimental apparatus

The scheme, depicted in Fig. 2.11, is based on a ring cavity, coupled to the external
radiation modes through two very low transmissivity 7 beam splitters (BS) and a cross
Kerr-medium. A tunable phase shifter, which shifts the field in the cavity by a phase
1, is included in the device. One of the two cavity input modes (a1) is pumped with a
coherent source, while the other one (as) is left in the vacuum. Of the two output modes,
one (b2) is monitored with an ON-OFF photodetector D (which measures the presence
or absence of the radiation field), the other one (b1) is ignored. As will be shown in
the following, whatever is the state of the input signal mode, a number state will be
found at the output mode ds conditioned to a successful measurement at the detector
D. By repeating the experiment, and measuring the relative frequency of successful
photodetection, one recovers the amplitude of such a Fock component in the input
state, and thus its photon number distribution. Upon fulfillment of certain conditions
shown in the following, superpositions of number states can also be generated. In
principle, the specific number state (or superposition) that will be created is controlled

by tuning the phase .

We now show how the device works by analyzing the dynamics of its components in
the Heisenberg picture. In principle, it would be necessary to quantize the field in the
cavity starting from its classical equations of motion, as for example in [49]. However,
we show that the same results are more easily obtained with a simple one mode model
of the cavity, by merely identifying the output mode cy at the beam splitter BS2 with
the input mode c3 at BS1 (see Fig. 2.11). Let a1 2 denote the two input modes for the
ring cavity, b1 2 the two output modes, c; the cavity mode exiting BS1, ¢o the cavity
mode exiting BS2, ¢3 the cavity mode exiting the Kerr medium and the phase shifter,

and d; and ds the input and output signal mode respectively. In the Heisenberg picture,
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Figure 2.11: Sketch of the experimental setup for the measurement of the photon
number distribution of unknown quantum states in mode dj, using a coherent pump.
The scheme is based on a conditional ON-OFF photodetector D, a non linear Cross—
Kerr medium and a phase shifter ¢. The cavity input radiation modes are labelled a,
the output modes b, the cavity modes ¢ and the signal mode d. The quantum efficiency
of the photodetector is not a crucial parameter, as it only affects the number of input

states needed for the reconstruction and not its quality.

the input—output relations which characterize the components of the scheme are

BSI: {Cl VratVi=Te (2.49)
b, = -— 1—7‘a1+ﬁ03
BS2: {CQ = ﬁa2+\/1—701
. b2 = - 1—7’(12—}—\/’7'01’

Kerr and Phase shift: c3 = ¢y exp [—i(xtdidl - 1/))] ,

where 7 is the transmissivity of the two beam splitters, xt is the Kerr susceptibility
times by the interaction time, and 1 is the phase shift imposed to the cavity field mode
by the phase shifter. From Eqgs. (2.49) the output modes bj 2 of the cavity can be

expressed as a function of the input cavity and signal mode as

b= wkpatePo(p)ay . [rle) E TS
, with dof : (2.50)
by = o(p)ar +k(p)az alp) = m

where ¢ e Xth{dl +1) is the overall phase shift due to the Kerr medium and the phase
shifter. Notice that the coupling with the signal mode is contained in the dependence
of ¢ on the signal input mode d;.

From the Heisenberg evolution of the modes (2.50), one obtains the state |¥,,;) in
the cavity output modes (before the measurement) by using the creation operators bb

and by expressing the input state |¥;,) on a Fock basis of the input modes a; o:

e CLT n aT m o T\n/zt\m
W) = cnm%mw SN ESS cnm%m)m). (2.51)

n,m=0 n,m=0
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Consider the overall input state g;, composed by a coherent state in mode a1, vacuum
in ag and arbitrary state in d; (which will be described by the density matrix vy in
the Fock basis), i.e.

oo

n = [)ayar (@] @ 10)az05 (0] ® Z Vss'|S)dyar ('] - (2.52)

s,8'=0

Through Eq. (2.51) we obtain the output state (before detection by detector D) on the
modes by 2 and da as

[e.9]

0vd = |0k ()b, (i(9)| ® | (0))py1, (€0 (0)| @ Y Vst |8)ayay (8] =

s,8'=0
5 Vgt X

857

| (95) )b, (0 (0)| @ €™ 0 (05)) oy (™0 (057)| @ |5)day ('], (253)

where gps = —th + 1, s in N. After tracing out mode b1, the state gpq becomes

P Uoe— T 9o P+l ) P =200 )5 (0] o (2.54)
S8
|0 (0s) e o1, (0 (ps) e’ @ [5)aya, (571

The state (2.54) now undergoes a reduction at detector D. An ON-OFF photodetector,
with quantum efficiency 7 is described by the two value probability operator measure
(POM)

[e.9]

Morr = Y (1= n)F|k) (k[ ; Tow =1 — Togr , (2.55)
k=0

which is obtained from the Mandel-Kelley-Kleiner formula [38]. The final state after

the reduction in mode be, in the case of a successful (ON) photodetection is given by

_ Trp, [onobd]
Tr [Hom Obd)

S vewesp [Jaf? (s (00) + alea (@) ] x

SS—

(1 _ enlalPo(ps)o” (%/)) BIC

(2.56)

where A is a normalization constant. Notice that the phase factors in the exponential
in (2.56) do not play any role, as, in the working regime we exploit, these factors tend
to one.
In the limit 7 — 0, the effective transmissivity o(¢) of the cavity tends to a sum of
Kronecker deltas
. 1 for p, & —xts + ¢ = 2kn (k € 7Z)
tig lo ()] = { -

0 for ¢, # 2km Z Os ki*+n* » (2.57)

k=—o00
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2m
xt

first peak. For the values of [* and n* for which the quantity kl* +n* is not an integer,

¥

where [* = is the distance between the peaks, and n* = i is the position of the

there is no contribution to the sum in (2.57). In fig. 2.12 the function |o(ps)o*(¢})| is
plotted vs. s and ..

Figure 2.12: Plot of the function |o(ps)o*(¥})] [¢s, ps in 7 units.], with 7 = .1,
n* = % = 0 and I* = % = 2. Notice the “fakir chair” structure: the function

approaches a sum of delta functions for beam splitter transmissivity 7 — 0.

From Egs. (2.56) and (2.57) it is clear that for small values of the Kerr susceptibility
xt (i.e. I* high enough so that v« pn+ jj«4n >~ 0 for both ¢ and j nonzero) and for high
pump value |a| > 1, the output state approaches a Fock state:

lim gout = |n*)(n*| . (2.58)
7—0

Notice that the state |n*) to be synthesized can be controlled by varying the phase 1.
In Fig. 2.13 the photon number distribution of the state (2.56), is given. Notice how
the limiting case of Eq. (2.58) is approached.

In order to recover the photon number distribution p(n), the phase 1 must be
scanned in order to put the cavity into resonance with the Fock states |0), [1), ---, |m),
up to a certain state m that we assume is the highest excited Fock component of the
input state. For each of the values that v takes, the measurement procedure described
above must be repeated a number N times. The relative frequency of successful pho-
todetection when % is tuned on the state |n) gives the probability p(n). In fact, the
probability of successful (ON) detection is given by

[e.9]
Poy = Tr[HON/«’bd] = Z V(1 — e—n|a|2\a(<ps)|2) ) (2'59)
k=0

and for sufficiently high I* and |a| > 1, is proportional to one of the diagonal elements

of the input density matrix Poy =~ vnp+p+. Thus, if an ensemble of identical states is
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Figure 2.13: Plot of photon number distribution of a synthesized Fock state. The
experimental parameters are: 7 = 0.01, ¢ = .4, xt = 0.05, n = 10% and the two pumps
(in modes a; and d;) are in a coherent state with amplitude o = 3 = 3. The output

state approaches a Fock state |8).

impinged into the device in mode di, by tuning the cavity to different values of n*
and measuring the relative frequency of ON photodetections, one can obtain vyp«,«.
This allows the measurement of the photon number distribution of an arbitrary state,
using less experimental data and lower quantum efficiency detectors than in homodyne
tomography (which is the currently used experimental procedure for reconstructing the
number distribution of arbitrary states). One must be aware however, that the above
procedure must be modified in the case of non-ideal photodetection (n < 100%), since
in this case a better normalization proceeding has to be applied. In fact, p(n) must
be evaluated by dividing the number of successful photodetections (when v is tuned
to |n)) by the total number of successful photodetections, for any . Caution must
be taken in order to avoid introducing systematic errors: one must be confident that
the t—scanning on the Fock components |n) is carried out on a range wide enough
to cover all Fock components that are excited in the input state. Moreover, we must
assume that the statistics of the outcomes does not change, when varying 1. This last
assumption can be dropped by using a chain of Fock filters, the output signal mode of
each impinging in the input of the successive, where each one is tuned to a different
Fock component, as in Fig. 2.14.

A couple of Monte Carlo simulations for the measurement procedure here given are
shown in Fig. 2.15. A minor modification of this same experimental setup allows to
reconstruct also the truncated density matrix of the state in the Fock basis. As shown in
Ref. [19], the displaced Fock-state probability distribution p,(¢{) = (n,(|eln, (), with
In,¢) = eCaT_C*“\m, can be used to reconstruct the density matrix ¢ by means of a
least-squares inversion method. The displacement parameter ¢ can be kept constant in

modulus, varying only the phase of the local oscillator that realizes the displacement on
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Figure 2.14: Chain of Fock filters that allow to recover the photon number distribution
using much less data than the data necessary if using a single cavity. The number of

cavities must be equal to the maximum m that is to be measured.
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Figure 2.15: Monte Carlo simulation of two photon number measurements using the
chain of Fock filters depicted in Fig. 2.14. The parameters for these simulations are:
detector quantum efficiency n = 10%; beam splitter transmissivity 7 = 10~3; Kerr non
linearity xt = 10~2; coherent pump state intensity |a|?> = 10. The state on the left is
a coherent state (in the Fock basis: |3) = e~ (/216 > %ﬁ’h)), with 8 = 2. It has
been reconstructed with 1000 measurements, divided into 20 statistical blocks, by a
chain of 15 Fock filters. The state on the right is a thermal state (in the Fock basis:
17y = /1= [7[232; 7)), with v = 0.6. Here only 300 measurements, divided into 10
statistical, blocks have been used. A chain of 6 detectors is sufficient. The theoretical

distributions have been superimposed to the histograms.

the signal o through a high-transmissivity beam splitter. The distributions p,(|¢|e*#) at
different phases ¢ can then be measured with the ring cavity method described above.
In Fig. 2.16 we report the result for the reconstruction of a squeezed vacuum state with
average photon number (aTa> = 0.5 together with the corresponding statistical errors.

Notice that the reconstruction of the whole density matrix has been carried out using
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quantum efficiency as low as n = 20%.

Figure 2.16: Monte Carlo simulation of the reconstruction of a squeezed vacuum state
with (afa) = 0.5 average photons. On the left: the real part of the matrix elements.
On the right: the corresponding statistical errors. The ring-cavity method has been
used to measure the displaced photon number distributions p,(¢), with |(| = 1.4 and
25 equally spaced phases ¢ = arg ¢ € [0, 27) with 4000 data each. 10 blocks have been
used to evaluate the statistical errors. The parameters of the set-up are the following:
quantum efficiency n = 20%, beam-splitter transmissivity 7 = 10~4, Kerr coupling
xt = 1071,

2.3.2 Other applications

Superposition generation. In order to produce superpositions of selected equally
spaced number states, one has to provide higher values for the Kerr nonlinearity xt, or
alternatively to provide sufficiently excited input state in mode dy, so that the input
state coefficients v« = ji<1n+ are different from zero for different values of i and j. For

example, as shown in Figs. 2.17 /and 2.18, starting from a coherent input state with
B (8*)*
Vsls!!

density matrix vey = e 1? * it is possible to generate the superposition

_L ’I’L* 6i<I> n* *
\‘1'>—\/§(| )+ n" +17)) (2.60)

U [ (nx—1%)!
n*!

by choosing |3]? =

and arg § = %. It must be stressed that only superposi-
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Figure 2.17: Plot of the diagonal of the density matrix o,,: exiting the device for a
coherent input in mode d; with modulus |3|> = V% and with [* = 5, n* = 3. The
parameters are chosen so to have the superposition %(|3> +[8)) in the Fock basis. In
the left plot, notice a residual component at the Fock state 13, which results from the
term k = 2 in the sum (2.57). Here, the quantum efficiency of detector D is n = 10%,
the modulus of the cavity pump is a = 8, the BS transmissivity is 7 = .06. In the right

plot we used 7 = .2, to show the smearing effect of a bad cavity.

tions of the type
U) = cgln” + k) (2.61)
k=0

may be created, where the coefficients ¢; are determined by the state incoming in mode

dy, i.e. by the coefficients v .

Entanglement creation. A modified version of the proposed experiment may
also be used for the production of two-mode entangled states. One only has to use two
Kerr crystals inside the cavity, as shown in Fig. 2.19. In this case, the total phase
shift imposed by the cavity is given by the sum of the effect of each Kerr medium.
For identical Kerr crystals K1 and K2 (i.e. xx1 = XK2 o X), one has [* = % and
n* = 2%@ = nj + nj, where n] and nj are the eigenvalues of the number states in the
modes d(!) and d® impinging into each of the Kerr crystals. In this case, Eq. (2.57)

becomes

lim [o(ps)] = Zk:&,klwnﬁn; ; (2.62)

and the output state (2.58) for 7 < 1 and |a| > 1 now reads

n*
1 2 * *
Qout = E I/T(Lk)ljik)|n>dg1)dé1)<k| ® |n* — n)dgz)déz) (n* — k|, (2.63)
n,k=0
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Figure 2.18: Density matrix for the two states given in Fig. 2.17.

that is obtained in the limit of low Kerr nonlinearity xt < 1 (i.e. I* > 1). For input
signal pure states [W;,) = > y,il)lk)d(l) ®>; V§2)|j>d(2), one finds
1 1

|Vout) = Z Vl(gl)yg)—k|k>d§1) In* — k)dég) . (2.64)
k=0

It is obvious that any multipartite entanglement between many modes could be synthe-
sized in principle, by increasing the number of Kerr media in the cavity. This method

could then be used also to generate Greenberger—Horn—Zeilinger states.

2.3.3 Feasibility

We now analyze the feasibility of the proposed experimental scheme. In Subsect. 2.3.1
we already analyzed the effect of limited detector efficiency n < 100% for the photon
distribution measurement scheme. Regarding the effect of detector’s D quantum effi-
ciency when the device is used as a Fock state generator, as can be seen from Fig. 2.20,

when one lowers the detector’s quantum efficiency, the result is actually a purification
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Figure 2.19: Modification of the proposed experimental setup, in order to construct

entangled states between the output modes dél) and déz).

of the state. Qualitatively this can be explained by noticing that in Eq. (2.56) the low-
ering of 1 contributes to the convergence exploited in Eq. (2.58) to produce the Fock
state (or the superpositions). It would seem that one could actually increase the output
signal quality by using low efficiency photodetectors. The drawback is given in terms
of production rate of the desired Fock states. It is obvious that it is less probable for
a non—efficient photodetector to click, so the production rate is drastically decreased.
This is also the reason for which, in the case of inefficient detector D, the probability is
not the relative frequency of successful photodetections, but it must be normalized on
the number of successful photodetections for all values of 1, as described in Subsect.
2.3.1. In fact, the probability of a successful ON photodetection is given by Eq. (2.59),
from which one can see that Py exponentially decreases with decreasing 7, and which
for 7 — 0 and || > 1 tends to

o0

Pon = > Vki4ne ki fn= - (2.65)
k=0
The quantum efficiency 7 of the detector in the proposed device is, therefore, not a
critical parameter, so that ordinary photodetectors may be used in the experimental
setup. Using low efficiency photodetection does not reduce the quality of the output
states, but only it affects their production rate.

The actual feasibility of the proposed experimental setup relies on the availabil-
ity of good ring cavities, suitable Kerr nonlinearities, and ordinary photodetection.
The cavity couples to the outside modes through small transmissivity beam splitters
7~ 0.1 +0.01%. The Kerr nonlinearities that are needed are of the order of xt ~ 0.01

for the creation of number states and of the order of yt ~ 0.1 for obtaining superpo-
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Figure 2.20: Plots for the same parameters as for the right figure 2.17 (i.e. |3]?> = X g—},
I*=5n"=3 a=8and 7 =.2). On the left n = 100%, while on the right n = 1%.
This shows how lowering the detector’s quantum efficiency enhances the quality of the
state. The cost is paid in terms of a lower production rate: the probability (2.59) of

obtaining the state depicted on the left is Poy ~ 0.789, while on the right Pyy ~ 0.106.

sitions. Photodetection with quantum efficiency as low as n = 1% has been shown to
be effective. The output state must be controlled by varying the phase shift 1) which
can be varied, in ordinary experimental setups, in steps of the order of =f; [50]. To
our knowledge, the experiment for the generation of Fock states or two mode entangled
states should be feasible with laboratory technology now available. The creation of
Fock state superposition may ask for Kerr nonlinearities which are not yet available in
the optical domain, though recent results [47, 48] indicate that giant non-linear shifts
of the order of 0.1 radiant per photon may be obtained through electromagnetically

induced transparency.

2.3.4 Conclusions

In conclusion we have proposed an optical device capable of measuring the photon
number probability of unknown quantum states and of creating optical Fock states,
selected superposition of Fock states, and two mode entangled states in traveling wave
modes. The experimental setup is composed of a high-Q ring cavity coupled with
the signal mode through a cross-Kerr medium and an ON-OFF photodetection. A
successful photodetection reduces the signal mode to a predetermined output state.
We have shown that imperfect photodetection does not affect the quality of the output
states. By counting the number of successful photodetections when the cavity is set into
resonance with the Fock components of the input state, one may recover the input state
photon number probability. Compared to conventional homodyne tomography (the

only efficient known method for the photon distribution measurement), this scheme
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allows the same measurement with less data and with detectors far less efficient, as
is evident from the Monte Carlo simulations that were shown in this section. The
applications for such a device in the modern “Quantum technology” are numerous and

span through many of the fields of advanced quantum optics research.



Chapter 3

Homodyne tomography:

proposed experiments

3.1 Introduction

Optical homodyne tomography, which has been derived in Sect. 2.1 from the general
formulas of Sect. 1.2, allows numerous experiments. In this chapter a number of such
experiments, which I contributed to propose, are outlined. Each of these are not “brute
force” applications of the theory previously outlined, but the homodyne tomography
technique has to be appropriately modified so to adapt to the particular experimental
setups and to obtain the results we need. Monte Carlo simulations will be used to
illustrate the feasibility of the proposed experimental setups. Here a brief outline of
the chapter is given.

In Sect. 3.2 (see [46]) we propose a setup for obtaining the Hamiltonian operator
(for unitary devices) or the Liouvillian superoperator (for devices interacting with the
environment) of an arbitrary phase-insensitive optical device. This, obviously, allows
a complete characterization of the device, at least in the optical domain that is ex-
plored. In Sect. 3.3 (see [51]) an experiment for the generation and detection of optical
Schrodinger cats is proposed. The experimental setup is based on the one proposed
in [52], which would not be feasible with the technology now available. Our proposal,
which in addition to homodyne tomography uses a novel deconvolution procedure,
makes it possible to reconstruct cat states that are produced with heavy noise from
inefficient photodetectors. Homodyne tomography can also be used in fundamental
tests of quantum theory, such as the test of the state reduction mechanism I describe
in Sect. 3.4, or the test of Bell’s inequalities, which I describe in Sect. 3.5. For the
state reduction test, (see [53]), one can take advantage of the fact that in the optical
domain a multitude of completely different detection schemes (direct detection, hetero-

dyne detection, homodyne detection) are available. We compare the “experimental”

76
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state reduced from each of such measurement schemes with the state we would expect
theoretically from the reduction postulate. Regarding the tomographic test of Bell’s
inequalities (see [54]), the tomographic setup is here modified into a “self homodyne”
scheme in order to obtain a Bell experiment based on the spatially correlated photon
state which may be obtained through parametric down conversion. In Sect. 3.6 a fea-
sibility study is presented for the analysis of the experimental data for an homodyne
measurement which is being presently carried out in Prof. De Martini’s group in Roma
University.

In conclusion, in this chapter a series of practical applications of the theory of the
optical homodyne tomography technique presented in Chap. 1 will be described in
the form of proposals for experimental setups. In all cases some numerical computer

simulations will be given to illustrate the proposals and to show their actual feasibility.

3.2 Hamiltonian reconstruction

In this section we show [46, 55, 56] how optical homodyne tomography, described in
Sect. 2.1, can be used to determine the Hamiltonian of an optical phase-insensitive
device that evolves the quantum state of radiation. In the case of non—unitary device
(as is the case for open quantum systems, i.e. systems interacting with an environment
reservoir) the Liouvillian superoperator that evolves the density matrix of the radia-
tion is obtained. Previous theoretical proposals to give a complete characterization of
quantum processes have been made in Refs. [57]. There, the methods are restricted
to systems with finite dimensional Hilbert space, and the method does not lead to an
explicit reconstruction of the Liouvillian. In this section we show how this goal can
be achieved in practice, by presenting a simple experimental setup that measures the

Liouvillian of a phase-insensitive optical device.

3.2.1 Experimental setup

The main idea for reconstructing the Liouvillian of a quantum device is sketched in Fig.
3.1. One should impinge the device with a known input state p;, from an (over)complete
set, determine the state pou: at the output, and finally compare p;, to pout. For an
optical device the determination of the output state is made possible by the homodyne
tomography technique. Regarding the generation of the set of input states {pi,}, an
experimental method is suggested later in this section. The evolution of the state from

Pin 0 pout is governed by the Green (super)operator G

Pout = ng ) (31)

where G has actually a four-index matrix representation, and on the Fock basis {|n)}

one has (n|pout|m) = > 57— GhE (h|pin|k). For a device that is homogeneous along the



78 Chapter 3 Homodyne tomography: proposed experiments

- Optical Device-é > .
pm=|n><n| ' » LLo
Source Homodyne detector
input output

u ~—
-

§ w0
> O
M (@}

-20 2 -20 2
X X

Figure 3.1: Sketch of the method for measuring the Liouvillian of an optical device.
A known input state p;, is impinged into the device, and quantum tomography of the
output state is performed using a homodyne detector. By scanning an (over)complete
set of states p;, at the input and comparing them with their respective output states,
it is possible to reconstruct the Liouvillian of the device. The histograms of homodyne
data, here given for the sake of illustration, correspond to a device that consists of an

empty cavity, and with the input states as number states p;, = |[n)(n|.

direction of light propagation the Green superoperator can be written as the exponential

of a constant Liouville superoperator £ as follows
G =exp(LT) , (3.2)

where 7 is the propagation time (i.e. the device length). The Liouvillian £ gives the
evolution of the state through an infinitesimal slab of the device media according to
the master equation p = Lp. We restrict our attention to the case of a perfectly phase-
insensitive device: as it will be clear from the following, the case of phase-sensitive
device is much more complicated. A phase-insensitive device is a device that leaves
dephased states as dephased, as in the case of a traveling wave laser amplifier. A
dephased state is diagonal in the photon-number representation, with density matrix
of the form p =37 r, |n)(n|, where {|n)} denotes the complete set of eigenvectors

of the photon-number operator a’a of the field mode with annihilation operator a. For
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the evolution of dephased states it is sufficient to determine the sector of the Green

superoperator that evolves dephased states, i.e. the two-index Fock matrix
Goum = (] G |m) (] | In) (3.3)

The Liouvillian Ly, is then obtained as the matrix-logarithm of G, [58, 59].

The experimental reconstruction of L, could be performed by impinging a number
state p;, = |n)(n| on the device, and then making the homodyne tomography of the
output state. In this fashion, the number probability distribution r4(n) of the output
coincides with the n-th row of the Green matrix G, and by varying n one would
reconstruct the whole matrix. Since producing number states is experimentally difficult,
one would try to use coherent states instead. In this way matrix elements of the form
(] Glla){a|] |¢') would be obtained, with |«) denoting the scanning coherent input
state, and [¢) and [¢)') being a couple of vectors of the tomographically reconstructed
matrix representation. Unfortunately, the relation between Gy, and (n| G[|a){(a|] |n)
is highly singular, involving the P-function of |m)(m/|, and hence the matrix G, cannot
be obtained in this way starting from experimental data, which is always affected by
statistical errors. On the other hand, the Fock representation has a privileged role,
because here the Liouvillian matrix has a transparent meaning in terms of creation and
annihilation operators. How to overcome the problem of generating input Fock number-
states? A solution could be to employ the “optical Fock filter”, which was described
in Sect. 2.3 and is capable of producing Fock states and some selected superposition
of Fock states. This apparatus, though, is experimentally rather challenging, and the
analysis of the imperfections in the produced states is a priori difficult. On the other
hand, the Fock filter may become useful for the analysis of phase—sensitive devices
since it is the only apparatus, to my knowledge, capable of producing the selected
superpositions of Fock states one would need for the characterization of such devices.
However, through the Fock filter only some portions of the Green superoperator may
be accessible, since it is not capable of producing all the necessary superpositions —
such as e.g. %(|n> + |n + 1)) with arbitrary n. Moreover, the extension of the theory
presented in this section to the experimental characterization of phase—sensitive devices
is also complicated by the non—trivial issue of numerically calculating the logarithm of
a four index matrix.

In the following we will use a much simpler apparatus, which can produce the
desired input states and whose imperfections can be taken into account so that the
errors that it introduces can be deconvolved. In fact, for the purpose of analyzing
phase—insensitive devices, it is sufficient to generate number states with random n as
far as n is known. This leads us to devise the setup depicted in Fig. 3.2. A non
degenerate optical parametric amplifier (NOPA) with a strong classical pump down-

converts the vacuum into a pair of twin beams. The twin beams are used as a random-n



80 Chapter 3 Homodyne tomography: proposed experiments
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Figure 3.2: Experimental setup, including the apparatus used to generate the input
number states p;, = |n)(n| needed for the tomographical reconstruction of the Liouvil-
lian of an optical device. A random-n Fock state |n) for the input beam is achieved by
performing photodetection at D on the other twin beam, n being the measured number
of photons. A non degenerate optical parametric amplifier (NOPA) with vacuum input
is used to produce the twin beams. For non 100% quantum efficiency photodetection

at D, an error compensating procedure is proposed —see Eq. (3.6).

Fock state generator by measuring the number of photons on one beam (detector D
in Fig. 3.2) while impinging the other beam on the optical device. For quantum
efficiency np = 100% at detector D, the photodetection would reduce the twin-beam
state [TB) o< Y07 "|n, n) into a random-n state |n) at the input of the optical device,
with thermal probability distribution w, = [£[*" (1 — |£|?), where n is the measurement
outcome at D. The tomographically reconstructed number probability (k| G[|n)(n|] |k)
of the output state already would provide the nth row Gy, of the Green matrix. On
the other hand, for np < 1, a mixed state p, will actually enter the device instead of
In)(n|, as a result of the state reduction at D (we already remembered in Sects. 2.1
and 2.3 that an inefficient photodetector is equivalent to a perfect detector preceded

by a beam splitter). The outcome n probability distribution then becomes

(nplé[*)"
[(np = DI+ 1]+

o= (1= [€]%) (3.4)

as will be consistently derived in Sect. 3.6. One can easily show that the tomograph-

ically reconstructed output number probability ri(n) = (k|G[p,]|k) is related to the
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Green matrix through the identity
el N (M m
i) = [ - DI+ S (" VIR - n) G- (5
m=0

The relation (3.5) can be inverted as follows

- ! n+0\[ (p—DIEP 1"
e [(”D1)|5|2+1”1Z< )[(7701)|5|2+1] el 69

In fact, consider the Bernoulli series
(e e] .
n—+y i
fo=)_ < . ) 7" (1 =) gt (3.7)
§=0

where 7 is a parameter and f,, and g, are arbitrary operators. We can prove that the

gn:i<n+k>77_" (1—717)kfn+k (3.8)

k=0 n

following inversion

holds in any case, apart considerations of convergence of (3.8) depending on the nature
of f, and of gi. By substituting Eq. (3.7) into Eq. (3.8) one obtains

[ n+k _ Lo~ ntk+ij h .
E < n >77 ( ) E ( ntk )77 ( 77)9+J+k

J=0

- zz(”i’ﬁ)(:j;) S
k=0 j=Fk

_ 0o j n+k n+j e |
j=0kz—0< n ><n+k =) g+
SNER k |
) ZZ( ) (k ) (=D)L =)V gn+;
Jj=0 k=0
) Z<n+j>5jo(1_’7) Gn+j = G (3.9)
Jj=0

where the formula Y, _, ‘Z} (—=1)* = §;0 has been used. Notice that this inversion
method is completely general and can be used for the reconstruction of any set of states
gn conditioned by an inefficient photodetection which produces the mixed states f,,. In
fact, a similar deconvolution procedure will be also used in Sects. 3.3 and 3.6 for the
reconstruction of Schrodinger cat states and for the measurement of twin beam states

respectively.
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Eq. (3.6) is our algorithm to reconstruct the Green matrix Gy, from the collection
of all tomographically measured number probabilities ri(n) for different outcomes n (in
practice the sum in Eq. (3.6) is truncated at some maximum n). Notice the interplay
of the gain £ and the quantum efficiency 7np in determining the probability p, on one
hand, and in producing the statistical errors in the reconstructed Green matrix on
the other hand. For decreasing quantum efficiency np — 0, larger values of n can be
made more probable by increasing the gain of the NOPA as £ — 17. However, at the
same time, convergence of the sum in Eq. (3.6) becomes slower, and statistical errors
of matrix elements Gy; increase as result of tomographic errors on r;(n). Hence, the
effect of quantum efficiency np, which reduces the size of the viewable matrix Gy, can
be partially compensated by increasing the gain of the NOPA, however at expense of
statistical errors for Gy;. For the tomographic measurement, by increasing the number
of experimental data and using ny-dependent pattern functions, introduced in Sect.
1.1.3 as Egs. (1.19) and (1.20), can compensate the effect of low quantum efficiency
ng < 1, which, anyhow, must be above the threshold 7y = 50% (for the reconstruction
in the Fock basis). On the other hand, for quantum efficiency np at detector D there
is not such a threshold, as one can see from the convergence and error-propagation

analysis of Eq. (3.6), which will be carried out in Sect. 3.6.

The proposed state-reduction scheme—based on twin beams from a NOPA—is not
a new one, and, for example, a similar setup has been proposed to generate Schréodinger-
cat states with the experimental setup which will be described in Sect. 3.3. As such
state-reduction is the core of our measurement method, we want to examine it at work
in a realistic situation!. Typically the NOPA can be pumped by the second harmonic
of a @-switched mode-locked Nd:YAG laser, with the output twin beams pulsed at a
repetition rate of 80 MHz, and with a 7ps pulse duration. Thus, the twin beam mode
with annihilator a at the input of the optical device is actually a wideband mode, with
frequency centered around 532nm, and width of 140 GHz (the inverse of the pulse
time-length). The same Nd:YAG laser beam is used for the local oscillator (LO) of the
homodyne detector H. In this way the LO has the same central frequency and the same
time-envelope of the beam at the input of the optical device. The integration time at
photodetector D can be set to 1 ns, which is greater than the pulse width and shorter
than the distance between pulses. In this way each pulse is completely annihilated
by the detector D during the integration time, and, correspondingly, the homodyne
measurement is made with the LO matched on the same pulse shape of the signal twin
beam, which means that the measurement is performed on the right wideband mode
after reduction by detector D. Moreover, the detector D and the optical device can be

geometrically placed in such a way that, within a narrow solid angle, the direction of

"We acknowledge useful discussions with Prof. Tito Arecchi of INO, Firenze, on the experimental

setup.
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the respective input k-vectors are the same relative to the k-vector of the NOPA pump,
so that state reduction at D affects only radiation at the twin k at the input of the
device, so that the state-reduced modes at D and at the device are perfectly matched.
From the above scenario it follows that the mode with annihilator a at the input of
the optical device is actually a wideband mode, and hence we measure the effective
Liouvillian over a 140 GHz bandwidth centered around 532nm. Then, it is clear that
all measurements for different random inputs can be considered as independent only if
the (atomic) relaxation times in the optical devices are shorter than the pulse-repetition

period.

3.2.2 Examples of reconstructions

Now we show the results from some Monte-Carlo simulated experiments to see our
method at work, and estimate the number of measurements needed and the reliability
of the reconstruction of Gy;.

The simplest phase insensitive device is the phase-insensitive linear amplifier (PIA),

with Liouvillian £
L=2 {Ap[af] + BD[a]} , (3.10)

where the Lindblad superoperator is defined as

def

D[A]p = 0p0" —1/2(6%0p + p6'6) (3.11)

for any complex operator §. For A = 0, Eq. (3.10) describes an empty cavity. The

Liouvillian matrix has the form
Lum & (I | fm) (ol | In) = (3.12)
2{A(m + 1)[5nm+1 - 5nm] + Bm[(snm—l - 5nm]} 5

where 9;, denotes the Kroneker delta. Notice that Ly, is tridiagonal, the upper diag-
onal corresponding to the one-photon absorption apa' of the loss term Dla], the lower
diagonal corresponding to the one-photon emission afpa of the gain term D[aT], and the
main diagonal containing the anticommutators coming from both terms. In Fig 3.3a we
show a typical result of a Monte Carlo experiment of the tomographic reconstruction
of the Liouvillian (3.12). We used quantum efficiency np = 80% at the conditioning
detector D and ng = 85% at the homodyne detector H. One can see that the details of
the matrix are well recovered, and the truncation of the Hilbert space dimension does
not affect the reconstruction. In Fig. 3.4 the three main diagonals of the matrix are
plotted with their statistical errors against the theoretical value, showing a very good
agreement. The statistical errors are of the same size of those of the tomographically

reconstructed output probabilities. Notice that the number of data 10! = 10'2 needed
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for this experiment could be collected in a reasonable time with a repetition rate of 80
MHz. In Fig. 3.3b we present a simulated experiment using the value np = 30% of
quantum efficiency (which is a typical value of n for conventional single-photon resolv-
ing detectors), however for the reconstruction of a smaller matrix 5 x 5. Notice that
only the photodetector D is required to be linear single-photon resolving, whereas the
homodyne detector takes advantage of amplification from the LO, and hence can use
high efficiency detectors (the value ng = 85% here used has been widely surpassed in

the real-life tomographic experiments, as in Ref. [21]).
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Figure 3.3: Monte Carlo simulation of the reconstruction, by means of the proposed
experimental setup, of a linear phase insensitive laser amplifier whose Liouvillian L,
is given in Eq. (3.12). Here A = 0.194 and B = 9.45 - 1073, The reconstruction is
performed by using 2 statistical blocks of 105 homodyne data for each of the output
states. Homodyne quantum efficiency is ny = 85%. In Fig. (a) a conditioning detector
D with efficiency np = 80% has been used. Here the NOPA gain is £ = 0.6, hence a
total of 2.7- 10! homodyne data are needed in order to obtain the 10% data per output
state we actually used in the reconstruction. In Fig. (b) np = 30% has been used, with
a NOPA gain of £ = 0.4. Hence a total of 9.9- 10! total experimental data are needed.

Figure 3.4: The three main diagonals of the Liouvillian L, of Fig. 3.3a are given with

their statistical error bars. The solid line is the theoretical value from Eq. (3.12).
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As another example, we simulated the experimental tomography of the effective

Liouvillian of a one-atom traveling-wave laser amplifier. In Fig. 3.5 the theoretical
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Figure 3.5: Theoretical Liouvillian for a one-atom laser, obtained by solving numerically
def g2 12: n def
=12; ny, =

the master equation (3.13). The parameters for this laser are C' = T

G =Tio0=1 [ =g =1,y =1; t. = 0115.

Liouvillian matrix is plotted, as obtained from a long-run quantum jump simulation
[60] of the one-atom-laser master equation [61, 62]. In the quantum jump simulation,
the number of “histories”, which have to be used, must be high enough so that the
statistical fluctuations inherent in such calculation method become inappreciable. The
laser’s master equation is obtained by joining the rotating wave approximation Jaynes-
Cummings Hamiltonian with the Liouvillian of an empty cavity and with the canonical

Bloch single atom Liouvillian. The result (see [63, 64, 65]) is given by

p= {2'(1 +00)Dloy] + A (1 — o) Dlo_]+
(3.13)

. ('u - %) Dlo.] + vD[a]}p +glora—o_al,pl

where g is the electrical-dipole coupling, || and v, are the decay rates of population
inversion and atomic polarization respectively, v is the cavity decay rate, o¢ is the
unsaturated inversion (—1 < 0¢ < 1), p now denotes the joint atom-radiation density

matrix, and o1, are the Pauli matrices

0 1 0 0 1 0
oy = N . . (3.14)
0 0 10 0 -1
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In the quantum jump simulation, the atom is traced out at a time ¢, > ’y”_ i In Fig.

Figure 3.6: Monte Carlo simulated experiment for the reconstruction of the laser the-
oretical Liouvillian in Fig. 3.5. Here np = 80%, ng = 85%, and & = .65. A set of
8107 homodyne data have been used of a total of 3.7-10'" measurements with random

photon number at detector D.

3.6 a Monte Carlo simulated tomographic experiment is shown for the measurement of
the Liouvillian of Fig. 3.5 (the output homodyne probabilities are simulated starting
from the quantum jump Green matrix). An analogous simulated experiment is given in
Fig. 3.7 for the limiting case of perfect photodetection: here only the statistical errors
deriving from the tomographic reconstruction procedure are present. One can see how
the method allows a detailed reconstruction of L,,,, including not only one-photon
processes on the three main diagonals, but also multiphoton-absorptions on the upper
triangular part.

As a final example for the method, we give the simulation of the Liouvillian recon-
struction of a two photon phase insensitive amplifier, which is analogous to the PIA
defined in Eq. (3.10). Its Liouvillian is

L = ADI[a'] + BD[a] + CD[a*] + DD[(a")?], (3.15)

where a is the annihilation operator for the field mode, B and C' are the one photon
and two photon absorption coefficients respectively, and A and D are the one and two

photon creation coefficients. The Liouvillian matrix L, is, in this case

Loym = A(m + 1)[6nm+1 - 5nm] + Bm[anmfl - 5nm]+
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Cm(m + 1)[0nm—2 — Onm) + D(m + 2)(m + 1) [0pmt2 — Onm] - (3.16)

The plot of the theoretical Liouvillian and the reconstructed one, given also here in the

limiting cases of perfect photodetection (i.e. np = ng = 100%), are given in Fig. 3.8.

In conclusion, we have seen that it is possible to experimentally reconstruct the
Liouvillian of an arbitrary quantum optical phase-insensitive device, using homodyne
tomography in a scheme based on parametric down conversion from a NOPA. We have
shown the feasibility of the reconstruction with an experimental setup that uses stan-
dard technology devices. The problem of low efficiency at the single-photon resolving
detector D—the major obstacle for the experiment—has been solved by implementing
a compensation algorithm that makes the reconstruction of 5 x 5 Liouville matrix possi-
ble even for np = 30%, and with a number of data that can be collected in a reasonable

time of experimental run.
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Figure 3.7: On the upper left a theoretical Liouvillian for a one-atom laser, obtained

by solving the master equation (3.13) by the quantum-jump method. The parameters
. € 2 5]

for this laser are C' & 'y% =20; ny = 71;; =.b00=1; f= % =1;v=1. On

the upper right a Monte Carlo simulated experiment for the reconstruction of the laser

Liouvillian. In the reconstruction np = 100%, ng = 100% (hence only the statistical
errors from the tomographic technique are here appreciable), and five statistical blocks
of 4000 homodyne data for each output state have been used. In the lower graph
some of the non-zero diagonals of the laser Liouvillian are plotted with the error bars.
The full line is the theoretical Liouvillian coming from the quantum jump numerical

solution.
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Figure 3.8: The upper left graph shows the theoretical matrix L., plotted versus m
and n from Eq. (3.16). The parameters of the two photon phase insensitive amplifier
are A = 03; B =015 C =5-107% D = 4-10"2 . On the upper right the
result of a Monte Carlo simulation of the measurement of the same Liouvillian is given.
The reconstruction of Ly, is simulated by using only 15000 homodyne measurements
divided into 3 statistical blocks of data for each input state. In the lower graph the
four non—zero diagonals of the reconstructed Liouvillian matrix L, are plotted with
the statistical error bars. The dark line is the theoretical value from Eq. (3.16). Notice
that, as for the previous figures, this experiment is in the limiting case of perfect
photodetection at homodyne and at the conditional photodetector. In practical cases

it will be very difficult to reconstruct matrices with these dimensions.
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3.3 Generation and detection of Schrodinger cat states

In this section we show? [51] the feasibility of a tomographic reconstruction of the
“Schrodinger-cat states” generated according to the scheme proposed by S. Song, C.
M. Caves and B. Yurke (SCY) in [52]. Here also we use the deconvolution technique
that was presented in Sect. 3.2, which tolerates realistic values for quantum efficiency
at photodetectors. The measurement can be achieved with a standard experimental
setup.

Some experiments have been performed to detect Schrodinger cat states in atomic
systems [66]. For radiation, the scheme to detect cat states proposed by SCY was not
supported by a feasibility study for a real experiment, concerning in particular the main
issue of the quantum efficiency of the detectors which washes out the fringes visibility.
In this section a concrete experimental setup for this scheme is proposed by requiring
the detection of the output field by means of homodyne tomography and by making use
of the quantum efficiency compensating method which was presented in Sect. 3.2 for
the deconvolution of the noise introduced by an inefficient conditioning photodetector.
This allows a good reconstruction of the Wigner function of the Schrodinger cat and
the recovery of the visibility of the experiment, even with quantum efficiency 1y = 30%
at the readout photodetector, and 7, = 80% at the homodyne detector. Our proposal
to reconstruct the Wigner function allows to appreciate the detailed structure of the
state rather than just seeing the oscillations in a single quadrature probability distri-
bution. To our knowledge, this is the first method for detecting the density operator

of Schrodinger cat states for free radiation, feasible with current technology.

|0>s ag
OPA
10>, a
' Tomographic| |
HWP *----{ reconstruction

Figure 3.9: Experimental scheme for generation and tomographic detection of
Schrédinger cats. The two detectors, homodyne and conditioned-photomultiplier, are
indicated with the letters h and d respectively. [(D)OPA: (degenerate) optical para-

metric amplifier; HWP: half wave plate used as polarization mixer.]

2This work has been supported by the PRA-CAT97 of the INFM. We also thank Prof. T. F.
Arecchi for illuminating discussions on the experimental setup. Prof. Arecchi and his group in Firenze

are currently performing a similar experiment, also based on [52].
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Let us first briefly review the experimental scheme for generating Schrodinger cat
states proposed in Ref.[52] (similar setups were later proposed in Refs.[67]). The main
idea, sketched in Fig 3.9, consists in feeding two orthogonally polarized modes of radia-
tion, called “signal” and “readout”, both initially in the vacuum state, into a parametric
amplifier followed by a half-wave plate. The parametric amplifier generates a correlated
state of the two modes and the half wave plate rotates the polarization directions by

an angle 6. The global state of the two modes at the output of this setup is given by

) = T(0)V(r)[0)[0) = ZZB]mu mylj +m) (3.17)

Jj=0m=—j

where V(1) = exp[r(asar — aga )] describes the action of the parametric amplifier (ag
and ap being the annihilation operators for the signal and readout mode respectively),
T(0) = exp[H(agaTR — agaR)] describes the polarization rotator and the coefficients B; p,

are given by

(—tan §)™(—tanhr)? [(j+m)!
coshr (j —m)!

Bjm =

)

d + k) .
X Z aTe, —(Jk)'(n)@ sy (—sin?0)* . (3.18)

k=max(0,—m)

The rotation angle 6 and the gain parameter r are related by the back-action-evading

condition [68] as sin 20 = tanhr. The following step of the scheme consists in detecting

the number of photons at the readout mode. As a consequence of this measurement,
given n, photons detected at the readout, the signal mode is reduced to the state

s ={ T TR o

P(m Z]:O B]+HT2+17]_17,T2 125+ 1) n, odd

where P(k) is the probability of detecting k readout photons with a perfect photode-

, (3.19)

tector, namely
2k — 1)!! (sinhr)?*
(2k)!' (2sinh?r 4 1)k+1/2 7

In the scheme of Ref. [52], after detection of the readout mode, the signal mode enters

P(k) = ok (3.20)

a degenerate parametric amplifier with gain parameter rg, described by the evolution
operator S(rs) = exp[37s(a%— a?)], which increases the distance of the two components
of the superposition in the complex plane without changing the oscillating behavior of
the number probability distribution. The final state of the signal is then described by
the following quadrature probability distribution of obtaining Xg(¢) as the result of
the measurement of the quadrature x4 if the conditioning photodetector measured n,

photons, i.e.

Re)/m)!/? 2
PUXs(0)iny) = b RN 1 (xs()] L @2
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where H,, denotes the Hermite polynomial,

1
A= 3.22
cos ¢(e=2"s cosh 2r cos ¢ + isin @) ’ (3:22)
and
def 2 2rs
4+ . 3.23
7 tan”¢ cosh 2r ( )

Let us now consider the effect of non unit quantum efficiency 7y at the readout
photodetector. As has been already frequently remembered, according to the Mandel-
Kelley-Kleiner formula [38], a detector with non unit quantum efficiency is equivalent
to a perfect photodetector preceded by a beam splitter with transmissivity 74. Then,
one can see that, when n, photons are detected at the readout, the signal mode is left

in the following statistical mixture of Schrodinger cat states

R R N A 2 W S
PSn, = Pt k:znr ( o ) ny (L —=ng)" " P(k)|vs k) (Yskl,  (3.24)
where
|[Psk) = S(rs) s k) (3.25)

is the conditional Schrodinger cat state at the signal mode (3.19) evolved by the degen-
erate parametric amplifier, and P, (k) is the probability of detecting k readout photons
with quantum efficiency 74, i.e. the Bernoulli convolution of the probability (3.20). In
Fig. 3.11 we plot a Monte Carlo tomographic reconstruction of the Wigner function of
the statistical mixture (3.24) corresponding to an experiment with g = 30%, n, = 80%,
r = rs = 0.4 and n,, = 2. This reconstruction must be compared to the theoretical
Wigner function that corresponds to the cat state (3.25) which is plotted in Fig. 3.10.
As expected, the effect of non unit quantum efficiency is to smooth out the oscilla-
tions in the complex plane, which are the typical signature of quantum interference.
Therefore, the resulting state is more similar to a classical mixture of coherent states
rather than a Schrodinger cat. The degradation effects on the cat due to non unit
ng can be seen also in Fig. 3.12, where the tomographic reconstructed number prob-
ability, obtained from the same simulation, is plotted: the probability still exhibits a
non-monotonic behavior, but the even terms no longer vanish. In Fig. 3.13 we report
a simulation of the quadrature probability distribution at ¢ = 0, which would be seen
following the original proposal [52], with the corresponding theoretical curve. Here also
it is possible to note a complete wash out of the fringe visibility.

In order to compensate these dramatic effects of the quantum efficiencies we would
find in a real experiment, we may use the same Bernoulli inversion technique that was

presented and derived in Sect. 3.2. The main idea consists in the inversion of formula
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Figure 3.10: Theoretical Wigner function of the Schrodinger cat state (3.25), with

parameters 7 = r; = 0.4 and n, = 2.

(3.24). In fact, one can see that Eq. (3.24) is of the form (3.7) and hence an inversion
of the type (3.8) can be obtained. This is achieved by shifting the index k in the series
at the right hand side of (3.24), and the formula can be inverted as follows

~ ~ ° k4 4 J
|sk) (bskl = P(k) 0 F ( _]:j ) <1 - 771(1> pS.k+jPni(k+7) , (3.26)
=0

as one can check a posteriori by substituting expression (3.26) into Eq. (3.24). Hence,
a generic k-th Schrodinger cat component of the signal mode can be reconstructed by
measuring all the signal states corresponding to different readout numbers of photons
(larger or equal to k), and weighting each event according to Eq. (3.26). In this way we
have the additional advantage of using all data with n, > k and not just those with n, =
k as in the plain detection in Fig. 3.11. Moreover, by processing the homodyne data
according to Eq. (3.26) we can reconstruct the whole family of Schrodinger cats g
for different k’s at the same time. In Fig. 3.14 we show a tomographic reconstruction
of the same Schrodinger cat component of Fig. 3.11, with the same values of the
experimental parameters, but using the reconstruction procedure based on the inversion
(3.26). As we can see, all the oscillations in the Wigner function are properly recovered,
and the destructive effects of low quantum efficiencies are defeated. Notice that unlike
other compensation methods based on the inverse Bernoulli transformation [69], where
the convergence radius of the procedure is for n > 50%, the present method works
also for very low values of the quantum efficiency. In our case convergence of the
series (3.26) below the threshold ng = 50% is due to the additional decaying factor
P,,(k 4 j). An analysis of convergence (see Sect. 3.6) of the series of errors as in
Ref. [70] shows that there is no lower-bound for ng if r < 1In(2 + v/3) ~ 0.658.

Notice that the series convergence is slower for increasing r, which corresponds to more
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Figure 3.11: Monte Carlo tomographic reconstruction of the Wigner function of the
state in Eq. (3.24), with the same parameters as in Fig. 3.10 (i.e. 7 = ry = 0.4 and
n, = 2). The detectors quantum efficiencies are 1y = 30% and 7, = 80%. Data are
collected for 70 different homodyne phases and 4 - 10° simulated data are used for each
phase.
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Figure 3.12: Monte Carlo tomographic reconstruction of the probability distribution
for the same state and same simulated data of Fig. 3.11. The simulated values with the
corresponding statistical error bars are superimposed to the theoretical values (solid
line). Notice how the reconstructed photon number distribution is ruined by the effect

of the detector’s quantum efficiency.

excited (macroscopic) Schrodinger cats. This implies that the more macroscopic the
cat is, the higher 7y must be in order to have a good reconstruction. In Fig. 3.15
we plot the number probability for the same parameters of Fig. 3.14: the simulated
experimental results with corresponding error bars are superimposed to the theoretical

value. As we can see, the tomographic reconstruction is very precise and the oscillations
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Figure 3.13: Monte Carlo tomographic simulation of the quadrature probability at
¢ = 0 for the same state of Fig. 3.11. The histogram contains 20000 simulated
data, while the solid curve is the theoretical distribution. This is how the output of
SCY’s proposal [52] would look like if their experiment was carried out with inefficient

photodetectors.

of the probability are perfectly resolved. In Fig. 3.16 we finally report the quadrature
probability distribution for ¢ = 0 superimposed to the theoretical curve. The visibility
is totally recovered, in contrast to the result in Fig. 3.13, which would have been

obtained according to the original proposal of Ref. [52].

Let us now discuss in more detail the experimental feasibility of the scheme. The
experimental setup is analogous to the one proposed in Sect. 3.2, since, up to the
conditioning photodetector d, the two setups are similar. All the devices needed in the
experiment are available with the current technology. The parametric amplification
can be realized for example by an ordinary KPT crystal pumped with the second har-
monic of a mode locked Nd:Yag pulsed laser working at 80 MHz with 7 ps pulses [71].
The major problem encountered to detect Schrédinger cats in conditional measurement
schemes is the cat’s notorious fragility to any kind of losses and inefficiencies. The nov-
elty of the present proposal is that using the reconstruction method based on Eq. (3.26)
low values of 14 can be tolerated, and hence ordinary linear avalanche photodiodes with
ng ~ 30% can be used. On the other hand, the tomographic apparatus needed to detect
the Schrodinger cat at the signal mode is based on homodyne detection, with the pos-
sibility of using high—efficiency photodetectors, because single-photon resolution is no
longer needed due to the amplification from the local oscillator (LO). Moreover, the LO
comes from the same laser source of the classical pump of the OPA, in order to achieve

time matching of modes. In addition, since there is no fluctuating phase in the whole
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Figure 3.14: Monte Carlo simulated reconstruction of the Wigner function of the state
]1/;572> with ng = 30%, np = 80%, r = rs = 0.4, using the reconstruction algorithm
(3.26). The same number of simulated data as in Fig. 3.11 is used. Notice that the
reconstructed Wigner function is almost indistinguishable from the theoretical, shown
in Fig. 3.10.

optical setup, neither in the second harmonic generation stage nor in the homodyne
detection, the LO is also perfectly phase matched with the pump. The resulting setup
is very stable and can take measurements for long periods of time at a rate that might
reach 10® data/sec at the readout photodetector. The tomographic reconstructions
presented in this section were obtained with 2.8 - 107 experimental data. In these ex-
amples the probability of detecting less than two photons at the readout photodetector
is ~ 0.9967. Therefore, taking into account that only the fraction 3.3 - 1072 of exper-
imental data collected at the readout is useful for the Schrédinger cat reconstruction,
we can easily see that the whole set of data can be collected in a few minutes. Notice
that increasing k, which corresponds to a more excited cat, the number of useful data
decreases, and the reconstruction becomes slower. For example, to reconstruct the cat
component with k& = 4 only 2 - 107° of the experimental data are useful, for k = 5 we
can use only the fraction 1.7-107% of data, and so on. In order to enhance the data rate,
the parametric amplification parameter r must be increased. Moreover, to reconstruct
more excited cat components, higher index density matrix elements are needed for the
Wigner function, and the effect of statistical errors from tomography becomes more
dramatic [72], with the consequence that more data are needed to reach a prescribed
accuracy. For these reasons, the more excited the cat is, the longer the experiment
and the more difficult the state is to detect. Finally, it has been suggested [73] that by
lowering the gain r some (non tomographic) homodyne visibility could be detected for

high 7, (> 90%) and for ny as low as 30%, even without our reconstruction algorithm.
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Figure 3.15: Photon number probability of the cat |@Z~)5’2> using the reconstruction
algorithm (3.26), with the same parameters as in Fig. 3.14. The simulated values with
the corresponding statistical error bars are superimposed to the theoretical values (solid

line).
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Figure 3.16: Quadrature probability distribution at zero phase of the cat state ]1/;572%
with the same parameters as in Fig. 3.14. The simulated values with the corresponding

statistical error bars are superimposed to the theoretical curve (solid line).

However, by lowering the gain the data acquisition rate is greatly reduced, whereas our

method works also with high gains.
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In conclusion, we have shown the feasibility of a tomographic reconstruction of a
Schrodinger cat in an experimental scheme which is practical in a laboratory using
standard technology devices. The problem of low efficiencies at the single-photon re-
solving detector, which was regarded as the major obstacle for experiments of this kind
[52], has been solved by the implementation of a suitable data processing technique.
The whole density matrix of the cat, and hence all its characteristics (such as the pho-
ton number probability, the quadrature distribution and the Wigner function), can be
measured in this way, whereas the plain homodyne detection proposed in the original
scheme of Ref. [52] would not have provided visible probability oscillations with the

available low-efficiency single-photon-resolving detectors.

3.4 Homodyne test of the State reduction postulate

In this section, we present® an experiment for testing quantum state reduction as de-
scribed in [53]. The state reduction rule is tested using optical homodyne tomography
to measure directly the fidelity between the reduced experimental state and the state
we would obtain theoretically by applying the customary state reduction rule.

In quantum mechanics the state reduction (SR) is still a very discussed rule. The
so—called “projection postulate” was introduced by von Neumann [74] to explain the
results from the Compton-Simons experiment, and it was generalized by Liiders [75]
for measurements of observables with degenerate spectrum. The consistency of the
derivation of the SR rule and its validity for generic measurements have been analyzed
with some criticism [76]. In a very general context, the SR rule was derived in a
physically consistent way from the Schrodinger equation for the composite system of
object and measuring apparatus [77, 78]. An experiment for testing quantum SR is
therefore a very interesting matter. Such a test in general is not equivalent to a test of
the repeatability hypothesis since the latter holds only for measurements of observables
that are described by self-adjoint operators with discrete spectrum. For example, joint
measurements like the Arthurs-Kelly one [79] are not repeatable, as the reduced states
are coherent states, which are not orthogonal.

Quantum optics offers a possibility of testing the SR, because several observables
can be chosen to perform different measurements on a fixed system. For instance, one
can decide to perform either homodyne or heterodyne detection, or photon-number
detection. To our knowledge this is a unique opportunity. In fact in other quantum
systems, such as particle physics or spin state analysis, the measurements are mostly
quasi-classical and restricted to only a few observables. In addition, as we have seen
already, tomography is a powerful tool for measuring the density operator of the ra-

diation field through optical homodyne tomography, whereas its applications to other

3This work has been supported in part by the PRA-CAT97 of the INFM.
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quantum systems are sporadic and not yet well assessed.

A scheme for testing the SR could be based on tomographic measurements of the
radiation density matrix after non-demolition measurements. However, such a scheme
would reduce the number of observables that are available for the test, since one would
have to find a way to perform measurements in a non-demolitive manner. Instead, one
can take advantage of the correlations between the twin beams produced by a non-
degenerate optical parametric amplifier (NOPA), in which case one can test the SR
even for demolitive-type measurements. Indeed, if a measurement is performed on one
of the twin beams, the SR can be tested by homodyne tomography on the other beam.

Our scheme for the SR test is given in Fig. 3.17 (for the experimental setup see
Subsec. 3.4.3). Different kinds of measurements can be performed on beam 1: in
Subsect. 3.4.1 we show in detail the SR for heterodyne detection as well as photon-
number detection, but any other kind of detection (such as homodyne or phase detection

by heterodyne) could be considered.

KTP

Beam 1 T ' Rea
LO Ima.
/ Heterodyne :

Beam 2

Homodyne +
-

Low'&

Figure 3.17: Schematic of the proposed scheme for testing the SR for heterodyne detec-
tion. A NOPA generates a pair of twin beams (1 and 2). After heterodyning beam 1,
the reduced state of beam 2 is analyzed by homodyne tomography, which is conditioned
by the heterodyne outcome. In place of the heterodyne detector one can put any other
kind of detector for testing the SR on different observables. In this section we also

consider the case of direct photodetection.

In this thesis the radiation state of the twin beams produced by a NOPA with

vacuum input has been used in practically all of the proposed setups. It can be written
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€) = V(")]0)|0) = (1 = [¢)*D € n)ln) (3.27)
n=0

where V(r) = exp[r(aJ{a; — ayaz)] (for real r) describes the action of the parametric

amplifier having a gain parameter £ = tanh(r). The subscripts 1 and 2 refer to operators

of beams 1 and 2.

3.4.1 Physical analysis for heterodyne and direct detections

Before calculating the SR, we briefly recall the concept of Probability Operator-Valued
Measure (POVM). For a system described by a density operator p, the probability
p(A)dA that the outcome of a quantum measurement of an observable is in the interval
[A, A\ + d)) is given by Born’s rule p(A)d\ = Tr[p P\d\], where Pyd\ is the POVM
pertaining to the measurement (such that Py >0 and [dAP, = 1). For an exact
measurement of an observable, which is described by a self-adjoint operator, Py is just
the projector over the eigenvector corresponding to the outcome A. In the case of the
photon number afa the spectrum is discrete and the POVM is P, = |m)(m| for integer
eigenvalue m. For the Arthurs-Kelly joint measurement of the position and momentum
(corresponding to a joint measurement of the two quadratures of the field) we have [37]
P, = n7|a){a|, where |a), a € C, is a coherent state, i.e. ai|a) = ala).
Now let us analyze the SR for our scheme. When on beam 1 we perform a mea-
surement described by P, the reduced normalized state of beam 2 is
_ Toflo¢lPen)]  EPRE
- Trp[OElP @) p(y)
where = = (1 — [¢[2)/2¢2" and p()) = Tr12[ZP;E1] is the probability density of the

measurement outcome A. In the limit of infinite gain (§ — 1) p(A\) o Py; for example,

(3.28)

for heterodyne detection with outcome «, we have p(a) = |a*)(a*|.
If the readout detector on beam 1 has quantum efficiency 7., then according to the
SR rule [76] the state in beam 2 is
7 () = :(P)’?r)*:T |
P (A)
where p" (A) = Try o[E(PY")*El], and P)" is the POVM for measurement with a non-

unit quantum efficiency. For heterodyne detection one has [37]

(3.29)

1 A%z _l=a?
2L/ — AZ .
=12 are > I, (3.30)

where A%T = (1 —n;)/nr, and 7, is the overall quantum efficiency of the heterodyne
detector. For direct photodetection the ideal POVM P, = |m)(m/| is modified to [37]

Pr=3 ( . ) (L= )N (331)

j=m
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which, as usually, is obtained by considering an inefficient photodetector as a perfect
photodetector preceded by a beam splitter of transmissivity 7.

The experimental test proposed in this section consists of performing conditional
homodyne tomography on beam 2, given the outcome A of the measurement on beam
1. Actually, through homodyne tomography we can directly measure the “fidelity of
the test”

E(A) = Tr[p" (A) pmeas(M)] 5 (3.32)

where p'"()) is the theoretically expected state in Eq. (3.29), and pmeas(A) is the exper-
imentally measured state of beam 2. Notice that in Eq. (3.32) we use the term fidelity
even if F'(\) is a proper fidelity when at least one of the two states is pure, which occurs
in the limit of unit quantum efficiency 7,.. In the following we evaluate the theoretical
value of the fidelity F'(A) and compare it with the simulation of the tomographically
measured value.

The fidelity (3.32) can be directly measured by homodyne tomography with use
of the kernel function for the operator p7(A), as it can be done for the expectation
value of any (generally complex) operator of the field mode (see Chap. 1 and Sect.
2.1). In fact, for a generic operator O, the expectation value (O) can be measured by
averaging the kernel function K, [O](x,¢), defined in Eq. (1.20), over the homodyne

data, namely,

s “+oo
)= ["L [ depy (@)K, (0N 0). (3.3)

where 7y, is the overall quantum efficiency of the homodyne detector, and py,, (x, ¢) is
the probability distribution of obtaining the result z when measuring the quadrature
x4 with a homodyne detector with quantum efficiency 7. In Sect. 2.1.3 the homodyne
tomography kernel function for a generic operator O is derived, with the following result

for trace—class operators
+oo 1-np g2
K, [O)(x, ¢) = / dk ke 5 Te{O coslk(z — 2,)]} (3.34)
0

which can be obtained immediately from the deconvolved estimator (2.17). Thus, F'())

is obtained from an average of the form

™ +o0
FO = [ [ dap @ oKl (). (3.35)

where py, (z,$; \) is the conditional homodyne probability distribution for outcome A
at the readout detector.
For heterodyne detection of beam 1 with outcome « € C, the reduced state of beam

2 according to the SR rule is given by the displaced thermal state

P (@) = neD()(1 — ne)” “Di (), (3.36)
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where

en
ne =1+ (g — g, 7= TZO‘ 7 (3.37)

and D(7) = exp(ya' —~*a) is the usual displacement operator. The kernel function for

measuring F'(«) is easily calculated from Egs. (3.34-3.37). One has

2np1g < L 2nmne 2)
K, [p"(a)|(z,0) = ————® (1,=; ————(x — , 3.38
o (@)(0.0) = o (1 i I (o) (3.38)

where 4 = Re(ve™ ), and ®(a, b; z) denotes the customary confluent hypergeometric
function of argument z. The kernel in Eq. (3.38) is bounded for 7, > %775, i.e. for
the fidelity measurement, one needs to satisfy the following bound on the quantum
efficiencies:

1

m > 5 [L+1€P e = 1] - (3.39)

As one can see from Eq. (3.39), for n, > 0.5 the fidelity can be measured for any value
of 1, and any gain parameter & of the NOPA. We recall that the condition 7, > 0.5 is
required for the measurement of the density matrix of a radiation state [70]. However, in
a direct measurement of the fidelity the measurement of the density matrix is bypassed
and we see from Eq. (3.39) that the bound 7, = 0.5 can be lowered.

The tomographically measured fidelity F'(«) in Eq. (3.35) with p (a) as given in
Eq. (3.36) must be compared with the theoretical value

Fin(a) =ne/(2 —me) (3.40)

Notice that Fi,(a) does not depend on «: therefore in the following it will be simply
denoted by Fiy,.
Now we analyze the SR for direct photodetection of beam 1. For an outcome n at

the readout photodetector, the reduced state of beam 2 is given by

" [ ala
(o) = () ( ) )(1—%)“*“. .41

The pattern function for the corresponding fidelity measurement is

20nT__g, (1 L 2l = 2) x2> (3.42)
) 27 . .

_ o7 B
L0 2N — Mg + 2 2np —ne + 2

Ko lo (), 0) = &

We see that the same bound, Eq. (3.39), on the quantum efficiencies holds true also for
direct photodetection. In this case, the tomographically-measured fidelity F'(n) must

be compared with the following theoretical value:
Fin(n) =gz 7"F (204 1,2n 4+ 1;1; (1 — ne)?) (3.43)

where F(a, b; c; z) denotes the customary hypergeometric function of argument z.
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Figure 3.18: Fidelity ratio F/Fy, (see text) for heterodyne detection with quantum
efficiency 7, = 0.8, 0.5, 0.3, and 0.1 (squares, circles, triangles, and stars, respectively).
1 (m = 100) thermal photons per beam. The
number of data used in each case is 2080 (4 blocks of 20 data samples for 26 settings
of the phase ¢).

The open (solid) points are for n

3.4.2 Simulated experiments

In Fig. 3.18 we report results of the tomographically measured fidelity for heterodyne
detection on beam 1. The numerical results are obtained by simulating the quadrature
probability distribution pertaining to the reduced state (3.36), and averaging the kernel
functions in Eq. (3.38). The simulation is performed according to the SR hypothesis,
thus the homodyne probability distribution in Eq. (3.35) corresponds to state (3.36).
Notice that for heterodyne detection the measurement spectrum is continuous and the
probability p" (a)da of outcome « is infinitesimal. Therefore, we present the average
value F of the fidelity F(a) over p™ (a).
efficiencies 7, and ny, are reported along with two different values of the NOPA gain

Results for various values of the quantum

parameter ¢ (given in terms of the number of thermal photons per beam 7 = |£|?/(1 —
|€]2)). One can clearly see that a decisive test can be performed with samples of a few
thousand measurements only. The error in the measurement, denoted by the vertical
error bars, is rather insensitive to both quantum efficiencies and the NOPA gain in the
considered range of values.

In Fig. 3.19 the tomographically measured fidelity is reported when direct photode-
tection is performed on beam 1. Here the simulation is achieved analogously to the
previous case, but now using Eqs. (3.41) and (3.42). Results for various outcomes n are

given with different values of 7, and m. Again, the test can be performed with samples
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Figure 3.19: Fidelity ratio F'(n)/Fin(n) (see text) for direct detection with quantum
efficiency 7, = 0.3, resulting in outcomes n = 0,1, and 2 at the photodetector (squares,
circles, and triangles, respectively). The thermal photons per beam are m = 10 (open
points) and 7 = 100 (solid points). In each case 10* data are used and the error bars
are obtained by dividing the data into 10 blocks.

of a few thousand measurements only; the resulting error in the measurement is rather

insensitive to the values of the experimental parameters.

3.4.3 Actual experiment

The actual experiment is in progress in Prem Kumar’s group at Northwestern University
in Chicago, and no real results are yet available. In our lab the NOPA consists of a
type-II phase-matched KTP crystal that is pumped by the second harmonic of a Q-
switched and mode-locked Nd:YAG laser. Previously, such a NOPA was employed,
with parametric gains > 10 (|£]? > 0.9), to generate highly quantum-correlated twin
beams of light at 1064 nm [80]. By appropriately choosing the input quantum state, a
similar setup was then used to demonstrate the production of squeezed-vacuum state
with a high degree (5.8 £ 0.2dB) of squeezing [81]. In the present context, the twin
beams, which are easily separable because of their orthogonal polarizations resulting
from type-II phase matching, can be separately detected; beam 2 with a homodyne
detector for detecting the reduced quantum state and beam 1 with either a heterodyne
detector or a photon-counting detector. We have recently reported preliminary results
of double homodyne measurements [82], which were performed to reconstruct the joint
photon-number density matrix of the twin-beam state [83]. The main challenge in
the present experiment is the achievement of high degrees of overlap (mode-matching
efficiency) between the down-converted and the LO modes. Such overlap is non-trivial

in pulsed, traveling-wave experiments owing to the distortion of the down-converted
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modes that is caused by the spatio-temporally Gaussian profile of the pump beam.
With suitable choice of LOs, however, we have previously obtained 7, > 0.70 [84], an
adequate value for the present experiment (cf. Figs. 3.18 and 3.19).

3.4.4 Conclusions

In conclusion, we have presented an experiment to test the rule of state reduction upon
quantum measurements. Our goal is achieved by changing the kind of measurement
performed on one beam of a pair of twin beams. The reduced state of the other beam,
which depends on the kind of measurement performed, is then experimentally observed
through a measurement of the fidelity between the theoretically expected reduced state
and the experimental state. The fidelity is measured directly by optical homodyne
tomography, within the validity bounds of quantum efficiency at the various detectors.
We decided to present the test of SR in terms of the fidelity for illustrative purposes.
However, the same test can be performed by tomographic reconstruction of the whole
density matrix of the reduced state, without any modification in the schematic of the

experiment.

3.5 Test of Bell’s inequalities

In this section we present? [54, 85] a homodyne detection scheme to verify Bell’s inequal-
ity on correlated optical beams at the output of a non-degenerate parametric amplifier.
Our approach is based on tomographic measurement of the joint detection probabili-
ties, which allows high quantum efficiency at detectors. The conventional homodyne
scheme (see Sect. 2.1) is abandoned for a self-homodyne scheme which simplifies the
experimental setup.

In 1935 Einstein, Podolsky and Rosen (EPR) [86] proved the incompatibility among
three hypotheses: 1) quantum mechanics is correct; 2) quantum mechanics is complete;
3) the following criterion of local reality holds: “If, without in any way disturbing a
system, we can predict with certainty |[...] the value of a physical quantity, then there
exists an element of physical reality corresponding to this quantity.” The paper opened
a long and as yet unsettled debate about which one of the three hypotheses should
be discarded. While Einstein suggested to abandon the completeness of quantum me-
chanics, Bohr [87] refused the criterion of reality. The most important step forward
in this debate was Bell’s theorem of 1964 [88], which proved that there is an intrinsic
incompatibility between the assumptions 1) and 3), namely the correctness of quantum
mechanics and Einstein’s “criterion of reality”. In Bell’s approach, a source produces a

pair of correlated particles, which travel along opposite directions and impinge into two

4This work also has been supported by the PRA-CAT97 of the INFM.
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detectors. The two detectors measure two dichotomic observables A(a) and B(3) re-
spectively, @ and 3 denoting experimental parameters which can be varied over different
trials, typically the polarization/spin angle of detection at each apparatus. Assuming
that each measurement outcome is determined by the experimental parameters o and
[ and by an “element of reality” or “hidden variable” A (which cannot be known to the
observer), Bell proved an inequality which holds for any theory that satisfies Einstein’s
“criterion of reality”, while it is violated by quantum mechanics. Such a fundamental
inequality, which allows an experimental discrimination between local hidden—variable
theories and quantum mechanics, has been the focus of interest in a number of exper-
imental works [89]. Unfortunately, Bell’s proof is based on two conditions which are
difficult to achieve experimentally. The first is the feasibility of an experimental con-
figuration yielding perfect correlation; the second is the possibility of approaching an
ideal measurement, which itself does not add randomness to the outcome. Since 1969,
attention was focused on improving the correlation of the source on one hand, and,
on the other, on deriving more general inequalities that take into account detection
quantum efficiency or circumvent the problem, however, at the cost of introducing sup-
plementary hypotheses (see Refs. [90]), as the well known “fair sampling” assumption.
Anyhow it was clear also to the authors of the same Refs. [90] that these assumptions
are questionable, and, as a matter of fact, it was proved [91] that in all performed exper-
imental checks the results can be reproduced in the context of Einstein’s assumptions

if quantum efficiency of detectors is less than 82.3%.

Coincidence
count

B

Figure 3.20: Typical experiment for the test of Bell’s inequalities using photons. The
source S emits polarization—correlated photons (indicated by state |¥y)), that are fil-
tered by the polarizers with angles @ and 3. The detectors A and B measure the
presence or absence of photons. This highly idealized experiment would work only

with high—efficiency single photon resolving detectors and lossless polarizers.
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In a typical idealized experiment, shown in Fig. 3.20, the source emits a pair of po-
larization correlated photons and two detectors (A and B) separately check the presence
of the two photons after polarizing filters at angles o and (3, respectively. Alternatively,
one can use four photodetectors with polarizing beam splitters in front, with the ad-
vantage of checking through coincidence counts that photons come in pairs. Denote
by pa,s the joint probability of finding one photon at each detector with polarization
angle o and 3, respectively, and denote by & and 3 the polarization angles orthogonal
to o and (3. The correlation function between photon polarization and detector clicks

is then given by

C(e, B) = pa,s + Paj — PaB ~ Paj » (3.44)

which will be C(«, 3) = 1 if photons in A and B have always polarization both parallel
or both orthogonal to a and [ respectively, and C(«a, ) = —1 if one of them has
polarization always orthogonal to its polarizer, while the other one always parallel.

Bell’s inequality [88] will now be briefly derived following [92]. In the realistic local
hidden variables hypothesis, each detector click can only be determined by the local
polarizer orientation and by a set of variables A “hidden” to the observer. Hence, the
correlation function C(c, 3) must be an average, with an unknown weight function
w(A), of the type

am@=/wmemMM@M, (3.45)

where A(a, A) = 41 and A(a, A) = —1 indicate respectively a “click” and a “no click”
event in detector A, and analogously for B. Notice that from the locality hypothesis it
follows that the value of A must be independent of 3, and from the reality hypothesis
it follows that A has a determined value for any value of a (even if « is different from

the one the observer is using in the experimental run). By using (3.45), we can write

Claus) ~ Cla ) = | [ X w4 (B(EA) - B )
< [anum) A (BEN - BEN)| = [ dh o) |(BEN) - BEW)|, (340)
and analogously
|qmm+cwﬁm</ﬁwmumam+mmMm (3.47)

Finally, since [d\ w(\) = 1 and B(83,\) = =£1 for any 8 and )\, we obtain Bell’s
inequality from the sum of (3.46) and (3.47)

I(a, B0/, 3) = |C(e, B) — C(e, B)] +|C(, ) + C(e, )| < 2. (3.48)
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It is well known that, with an appropriate choice of angles, quantum mechanics predicts
that T'(0, %ﬂ', 3y = 2v/2. Thus, from Bell’s inequality it is possible to experimentally
discriminate between Quantum Mechanics and local realistic theories. This is a typical
example of experiment capable of discriminating between two concurrent theories, by

falsifying one of the two: such experiments play a decisive role in epistemology.

In this section we propose a new kind of test for Bell’s inequality based on quantum
homodyne tomography. In our setup the photodetectors are replaced by homodyne
detectors, which along with the tomographic technique can be regarded as a black box
for measuring the joint probabilities p, g. Since all quantum correlations are recovered,
it is not even necessary to use the polarization filters (that were labelled a and 3 in Fig.
3.20). It has been objected that in this case there is no “actually performed” photode-
tections as in the ideal experiment, outlined previously. With homodyne tomography
one infers the violation of the inequality which would occur if one had hypothetical
high efficiency photodetectors starting from the homodyne data. However, in practice
one only needs the photon number distributions p, g, in order to verify the violation
and homodyne tomography can measure these directly, without having to collect any
single-photon—event statistics. Another objection which has been raised is that the to-
mography technique relies heavily on the correctness of Quantum Mechanics, and that
an experiment that could bring to its falsification should not be based on it. We do
not think that this objection can be overcome, but it should be noted that almost all
Bell inequality violation experiments carried out so far are based on photon detection
correlation and hence also rely on the correctness of Quantum Mechanics at least as
far as the quantization of radiation modes is involved. In fact, both EPR’s and Bell’s
argument deal with particles and associated spins. The homodyne reconstruction must
be considered, just like the direct photodetection, like a “black box” which outputs
the needed data®. The main advantage of the tomographic test is that it allows using
linear photodiodes with quantum efficiency 7 higher than 90% [22]. On the other hand,
the method works effectively even with 7 as low as 70%, without the need of a “fair
sampling” assumption, since all data are collected in a single experimental run and no
supplementary “normalization runs” are needed. With respect to the customary ho-
modyne technique, which in the present case would need many beam splitters and local
oscillators (LO) that are coherent each other, the setup is greatly simplified by using
the recent self-homodyne technique [23]. Another advantage of self-homodyning is the

more efficient signal-LLO mode-matching, with improved overall quantum efficiency.
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Figure 3.21: Experimental setup for the tomographic test of Bell’s inequality. PBS and
BS denote ‘polarizing beam splitter’ and ‘conventional 50-50 beam splitter’ respec-
tively. Input radiation modes ¢y, c, dy, de (at laser frequency wp) are in a coherent
state, while modes ay, b, a., and by, whose spectrum is composed the two frequency
components at wp + 2 and wy — Q (2 in the radiofrequency regime) are in the vacuum
state. At the output of the non-degenerate parametric amplifier (NOPA) the four pho-
tocurrents I at radiofrequency 2 are measured, yielding the value of quadratures of the
field modes ay, b.,, a, and b;. The outcome quadratures are then used to reconstruct

the probabilities of interest through quantum tomography.

3.5.1 Experimental apparatus

We will now describe the self-homodyne experimental setup, described in Fig. 3.21.
The apparatus for generating the correlated beams is a x(? nonlinear crystal, cut
for Type-1I phase-matching, acting as a non-degenerate optical parametric amplifier
(NOPA). The NOPA is injected with excited coherent states (see Fig. 3.21) in modes
Ces, €], des, dy all with equal intensities and at the same frequency wp, ¢ and d denoting
mode operators for the two different wave-vector directions, and | and « representing
vertical and horizontal polarization, respectively. The NOPA is pumped at the second
harmonic 2wg. At the output of the amplifier four photodetectors separately measure
the intensities Ial’ Iy, I, ., IbI of the mutual orthogonal polarization components of
the fields propagating at different wave vectors. A narrow band of the photocurrent is
selected, centered around frequency < wg (typically wy is optical/infrared, whereas
Q is a radio frequency). In the process of direct detection, the central modes 1,
and dy ., beat with wy + € sidebands, thus playing the role of the LO of homodyne
detectors. The four photocurrents I“I’ Iy, I, ., IbI yield the value of the quadratures

5The substantial difference is that, using homodyne tomography, there are no classical time-like
separated events (as, for example, detector clicks) whose correlations cannot be explained in a classical

local-hidden-variables framework.
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of the four modes [23]

\}5 \%(bﬂ(ﬂ - b,r(—)) , m={,]1} (3.49)

where ar(+£) and b;(4) denote the sideband modes at frequency wy %+ €2, which are in

ar(+) +az(=)); br=
( )

ap =

the vacuum state at the input of the NOPA. Thus, modes a and b have a spectrum
with two frequency components at wp + €2 and wg — 2. In the quadrature x4, defined in
(1.9), the phase ¢ is the relative phase between the signal and the LO. The value of the
quadratures is used as input data for the tomographic measurement of the correlation
function C(«, ). The direction of polarizers («, 3) in the experimental setup does not
need to be varied over different trials, because, as we will show in the following, such

direction can be changed tomographically, i.e. at the data analysis stage.

3.5.2 Analysis of the setup

We will now enter into details on the state at the output of the NOPA and on the
tomographic detection. In terms of the field modes in Eq. (3.49) the spontaneous

down-conversion at the NOPA is described by the unitary evolution operator
U(§) = exp [5 (a}bl + ewalb}) —h. c.] , (3.50)

where £ = X(Q)*)/L/c is a rescaled interaction time written in terms of the nonlinear
susceptibility x(?) of the medium, the crystal length L, the pump amplitude v and the
speed c¢ of light in the medium, whereas ¢ represents the relative phase between the
orthogonal polarization components of the pump field. The state at the output of the

NOPA, for vacuum input, then writes as follows

o oo

W)y = (1—|A]%) Z Z A" M 0, m,m) = [Pra) © [Ysa), (3.51)
n=0m=0

where A = (£/|£]) tanh|{| and |i,l,m,n) represents the common eigenvector of the

number operators of modes ay, b, a.,, by, with eigenvalues 4,7, m and n, respectively.

The four-mode state vector in Eq. (3.51) factorizes into a couple of twin beams |t 2)

and |13 4), each one entangling a couple of spatially divergent modes (GI’ b, and a.,,

by, respectively).

Notice that conventional experiments, concerning a two-photon polarization-entan-
gled state generated by spontaneous down-conversion, consider a four-mode entangled
state which corresponds to keeping only the first-order terms of the sums in Eq. (3.51),
and to ignoring the vacuum component, as only intensity correlations are usually mea-
sured. Here, on the contrary, we measure the joint probabilities on the state (3.51)
to test Bell’s inequality through homodyne tomography, which yields the value of
I(a, 8,0/, 4) in Eq. (3.48). As a matter of fact, as shown in Chap. 1, the tomo-

graphic technique is a kind of universal detector, which can measure any observable
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O of the field. As is evident from the tomography theorem given in page 29, for fac-
torized many-mode operators O = 01 ® O2 ® - - - ® O,, the pattern function that is to
be averaged is just the product of those corresponding to each single-mode operator
O1,- -+, Oy, labelled by variables (x1, ¢1), -, (Zn, ¢n). By linearity the pattern function
is extended to generic many-mode operators.

Now we consider which observables are involved in testing Bell’s inequality (3.48).
Let us denote by pa g(%,1,m,n) the probability of having ¢,l, m,n photons in modes
ap,be, ac,, by for the “rotated” state

[V)a,8 = Urs(a)Uza(B)[¥) (3.52)
Ui 3(a) and Uz 4(B) being the unitary operators which describe a polarization rotation
U 3(a) = exp [a (a}cu_, — aIaLﬂ , (3.53)
Us.4(B) = exp [ﬁ (b}bH - bIbLﬂ . (3.54)

The probabilities in Eq. (3.44) can be written as pas=pa,s(1,1); Pa,z="a,s(0,0),
Pa,6=Pa,5(0,1), and p, 5=pa,5(1,0), with

Pa,g(n,1 —m,1 —n,m)
P(1,1) ’

Pa,g(n,m) = (3.55)

and {n,m = 0,1}. The denominator P(1,1) in Eq. (3.55) represents the absolute
probability of having at the output of the NOPA one photon in modes ag,a., and one

photon in modes by, b, independently on the polarization, namely

P(1,1) = Z Z Pag(n,1—m,1—n,m). (3.56)
n=0,1m=0,1
Notice that our procedure does not need a fair sampling assumption, since we measure
in only one run, both the numerator and the denominator of Eq. (3.55), namely we do
not have to collect auxiliary data to normalize probabilities. On the other hand, since
we can exploit quantum efficiencies as high as 7 = 90% or more, and the tomographic
pattern functions already take into account 7, we do not need supplementary hypothesis
for it.
The observables that correspond to probabilities p, 5(i,1,m,n) in Egs. (3.55) and
(3.56) are the projectors

|i,l,m,n>a’g a,ﬁ<i,l,m,n\ (3.57)
= U] () U3 4(8) 4,1, m,n) (i, 1, m,n| Uz ,a(B) Ur 3(c) .

After a straightforward calculation using Eqs. (3.55), (3.56) and (3.57), one obtains
that P(1,1) is measured through the following average AV of homodyne data

P(1,1) = AV {(K{ K§ + K K}) (K{ K§ + K§ KY)} (3.58)
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where K37, denotes the diagonal (n = 0,1) tomographic kernel function for mode j,

namely
K} = (n|Ky(z — x4,)In) . (3.59)

The probabilities in the numerator of Eq. (3.55) are given by the average of a lengthy
expression, which depends on both the diagonal terms (3.59) and the following off-

diagonal terms
K% = (0| Ky(x — 2,)1) , K7 = (1K (x = 24,)|0) = (K7)" . (3.60)
Here we report the final expression for C(«, ) of Eq. (3.44)
C(a, B) :AV{[COS(Qa) (Ki K§ — K§ K3) +sin(2) (K} K? + K! K3)]
x[cos(28) (K§ K1 — K7 K) +sin(28) (K3 KL+ K2 K4)1}/P(1,1). (3.61)

Caution must be taken in the estimation of the statistical error, because C(«, 3)—
and thus I'(a, 8,0/, ) in Eq. (3.48)—are non linear averages (they are ratios of av-
erages). The error bar is obtained from the variance calculated using some statistical
data computed via a Monte Carlo simulation, starting from the estimated distribution
of the experimental data (which, since we give a simulation of the experiment, is also
simulated). Refer to Sect. 1.2.4 for the description of the procedure to evaluate er-
ror bars starting from poor statistics, as we have here where the tomographic means
converge very slowly. In fact, since the nonlinearity of I' introduces a systematic error
which is vanishingly small for increasingly larger sets of data, the estimated mean value
of I' should be obtained from the full set of data, instead of averaging the mean value
of blocks.

3.5.3 Monte Carlo Simulations

We now present some numerical results obtained from Monte—-Carlo simulations of the
proposed experiment.

For the simulation we use the theoretical homodyne probability pertaining to the
state 1) in Eq. (3.51) which, for each factor [ ;), is given by

)2 (wi—x;)>
2exp _ i) 1
dz,,+4A7 dQ_zij +4A2

(s, 255 ¢iy 45) = (3.62)

7r\/ (2, +402)(d% . +4A2)
where z; (i = 1,2,3,4) is the outcome of the homodyne measurement for quadrature
of the ¢-th mode at phase ¢;, and

1+ 2
_EEL e 1T g

—— RN &£ = )
Zig € 5 +2;5 1_ ’Zij’2 n 477
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Figure 3.22: Plot of I'(er, 8,0/, 3") vs. the phase ¢ in the state of Eq. (3.51) for a
simulated experiment. The shaded area represents the classical region for I', while the
curve represents the QM prediction. The parameters of the simulation are: o =0; § =
%ﬂ'; o =71 B = %; quantum efficiency n = 85%; A = .5 (see Eq. (3.51)). A total
number of 10% homodyne data (divided into 20 statistical blocks) has been used.

In Fig. 3.22 we present the simulation results for I in Eq. (3.48) wvs the phase ¢ in
the state of Eq. (3.51). The full line represents the value of I' in Eq. (3.48) with the

quantum theoretical value C'(a, ) given by
C(a, ) = cospsin2asin 23 — cos 2accos 203 . (3.64)

Quantum efficiency 7 = 85% has been used, nonetheless notice that for ¢ = 27 (corre-
sponding to a maximum violation with respect to the classical bound 2), the obtained
value is over 10 ¢ distant from the bound. By increasing the number of homodyne
data, it is possible to obtain good results also for lower quantum efficiency. In fact, by
increasing the number of data to 8 - 10%, a value of T'(0, %77, T §) = 2.834 £0.268 has
been obtained for A = .5, ¢ = 27, and 7 as low as 65%. This result is to be compared
with the quantum theoretical value of 2v/2 ~ 2.828.

In Fig. 3.23 the results of the measurement of I, for different simulated experiments
using the same number of data, are presented for different detector efficiencies n. Notice

how the error bars decrease vs 7.

3.5.4 Conclusions

In conclusion in this section we have proposed a test of Bell’s inequality, based on self—
homodyne tomography. We have presented the objections that were raised upon the

presentation of such a device. The rather simple experimental apparatus is mainly com-
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Figure 3.23: Plot of I'(a, 8,0/, ') vs. the quantum efficiency of the detectors for a
series of simulated experiments. The shaded area represents the classical region for I,
while the horizontal line is the QM prediction 2v/2. The parameters of the simulations
are: « = 0; = %77; of =%, 8 =% ¢o=m A= .5 A total number of 6107

homodyne data (in 20 statistical blocks) has been used for each simulation.

posed of a NOPA medium and four photodiodes. The experimental data are collected
through a self-homodyne scheme and processed by quantum tomography. No supple-
mentary hypotheses, such as the ‘fair sampling’ assumption, are introduced, quantum
efficiencies n as high as 90% are currently available, and, anyway, n as low as 70%
is tolerated for 10% + 107 experimental data. We have presented some numerical re-
sults based on Monte-Carlo simulations that confirm the feasibility of the experiment,
showing violations of Bell’s inequality for over 10 o with detector quantum efficiency
n = 85%.

3.6 Tomography of the Fock state

In this section we present [93] a feasibility study for an experiment which is currently
being carried out by Prof. De Martini and his group at Roma “La Sapienza” Univer-
sity. I acknowledge useful discussions with Prof. De Martini and his students. Two
experiments for the generation and tomographic detection of radiation Fock states are
analyzed. The two experimental setups differ at the conditional photodetector. In the
first case a nonlinear high efficiency photodetector is used, it is hence impossible to
determine the number of impinging photons. In the second case a linear single photon
resolving detector is needed, however with low efficiency 7. The reconstruction method

which was presented in Sect. 3.3 can thus be adapted to this second scheme, in order
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to compensate the quantum efficiency of the conditional detector.

a !
;' " Data |
—-—N OPA | | processing |
b |

Figure 3.24: Experimental scheme for the generation and detection of Fock states.
Modes a and b exit a non degenerate optical parametric amplifier (NOPA). Mode a is
reduced to a number state by the conditional photodetector D, while mode a is fed into

the homodyne detector H.

3.6.1 Scheme for generating and detecting Fock states

The scheme for generating Fock states we consider in this section is shown in Fig. 3.24.
It is again based on the state reduction of the twin-beam state exiting a non degenerate
optical amplifier (NOPA). The NOPA is described by the interaction Hamiltonian

H = —ir(a'd! — ab) , (3.65)

where a and b represent the two output modes, and r is the gain parameter. As
already pointed out in Sect. 3.4, the output state for vacuum NOPA input is given by
Eq. (3.27), i.e

) = (1= g2 D€ m)alns (3.66)
n=0
where £ = —tanhr. A conditional photodetector D is placed at mode b to measure

the number of photons. As a consequence of this measurement, in the ideal case of
a perfect photodetector D (i.e. with unit quantum efficiency np = 100%), mode a is
left in the Fock state |m), where m is the result at D. On the other hand, the realistic
process of inefficient photodetection (np < 100%) can be described (in the Mandel,
Kelley, Kleiner approach [38]) as a perfect (n = 100%) detector preceded by a beam
splitter (BS) with transmissivity np. The action of the BS on the state |¥) is given by

(e () = (1 - [¢) Zé" n)aa(m| ® e”E(In)pp(ml) ,  (3.67)

m,n=0
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where the BS superoperator e~¢ acts as follows

min(n,m) 1/2 1/2
— n-+m n m
e (mpiml) = gy Tt " ( p > < >

p=0 p
* (15" = 1)P|n = pep(m —p . (3.68)

Assuming that we detect n photons at mode b, the reduced state at mode a is given by

pu = Ty [0 @ ke ((0) (0] (3.69)

n
and
N’I'L

pn = Trap [ @ e (W)(0D] =

(3.70)
(with N = np|€]?/(1 — |€]?) ) is the probability of detecting n photons. The state in

mode a is thus given by the following mixture of Fock states

e}

1 k k— k
pn=—(1—E*)) < ) (1 —np) "€ |k) (k] - (3.71)
Pn P n
=n

The density operator of mode a now should be detected by means of homodyne
tomography, where each experimental datum (i.e. homodyne outcome) is processed
separately, and no experimental histograms are useful to reconstruct the density ma-
trix. Thus, it is important to set the boxcar integrator at the output of the system

appropriately: no average must be performed on the experimental data.

3.6.2 Nonlinear single photon detection

In this paragraph we analyze the proposed experiment when the photodetector at mode
b is a nonlinear single photon detector, namely it can discriminate only between the
vacuum and all the other Fock states (i.e. between absence and presence of photons). In
order to have a definite Fock state as the outcome of the tomographic reconstruction, it
is necessary that the probability of having in mode b other Fock states than the one we’re
interested in, is negligible. If this is not the case, a systematic error is performed, since
the corresponding state in mode a is the statistical mixture (3.71). In order to reduce
the systematic error one should take a low gain parameter £, so that the probability
of having more than one photon in each mode is negligible. In this way only the Fock
state |1) can be reconstructed. As an example, we show in Fig. 3.26 a simulation of
a tomographic reconstruction of the Wigner function and the corresponding photon
number probability distribution for the Fock state [1). As we can see, since the value
of the gain is very low, the Wigner function is practically indistinguishable from the

theoretical one, shown in Fig. 3.25, and the experiment is very successful.
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Figure 3.26: Simulation of a tomographic reconstruction of the Wigner function and
photon number distribution for the Fock state |1). The parameters for this simulation
are np = 15%, nn, = 75%, € = .0036. 10° experimental homodyne data have been used
for 100 different phases, from a total of 107 data.

In order to reconstruct more excited Fock states, the detection scheme needs to be
slightly modified. For example, to reconstruct Fock state |2) it is possible to use a beam
splitter in mode b and one detector for each of the beam splitter’s output modes, as
shown in Fig. 3.27. We know that if both detectors produce a click, a state with more
than one photon is present. Of course two (or more) photons may be present even if
there is only one click: these cases (half of the events corresponding to the presence of
two photons) will be neglected and do not contribute to the reconstruction. It is also
important to keep the probability of having more than two photons as small as possible
by keeping the gain £ low, in order to avoid systematic errors. This procedure can, in
principle, be generalized: to generate more excited Fock states |n) one can design a

cascade of beam splitters and place a photodetector for each mode at the output of this
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sequence of beam splitters. However for more excited Fock states the systematic error
increases, because the parameter £ must be increased in order to have a non negligible
probability of having Fock state |n). This implies that also the probability of having

|n 4+ 1) is accordingly increased, since the ratio p,t1/p, is independent of n and is an

N,

BS !

/
' Coincidencs
\ - 7

Figure 3.27: Scheme for the generation of the Fock state |2).

increasing function of €.

3.6.3 Linear single photon resolving detection

We will now analyze the case of a linear single photon resolving detection at mode b,
namely a detector D that can discriminate among all Fock states. Notice that linear
single photon detectors have, in general, smaller quantum efficiency np than nonlinear
ones. However, as we will show here, it is more advantageous to use linear detectors,
because it is possible to implement the reconstruction technique, which was derived in
Sect. 3.2, that allows to compensate the effects of quantum efficiency of the conditioning
photodetectors and to avoid systematic errors in the tomographic measurement. As
we will see in the following, the method presented here is also more efficient than the
previous for the detection of any Fock state because more experimental data can be used
for the reconstruction. Moreover, by using this method one can increase the parameter
& and thus detect also more excited Fock states.

The reconstruction algorithm is based on the inversion of the formula in Eq. (3.71),

that rewrites as

o0
papn = (1= [€1%) D€ By [k + n) (k +nl (3.72)
k=0
where B, = nf(1 —np)~. Thus, using the Bernoulli inversion derived in
n

Egs. (3.7) — (3.9), we have

|k><k| (1 — ‘5’ ’5‘2k Z kn Pn+kPn+k » (3'73)
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k+n n
. —1 . o l —k
with (B™ )k, = ( L ) (1 WD) np. -

In the experiment we propose here, Eq. (3.73) allows to reconstruct the Fock

state |k)(k| as follows. Each density matrix p,,x (corresponding to all photodetection
outcomes with result n + k at D) is tomographically reconstructed separately. The
results for the different p,y1’s are then combined according to Eq. (3.73). Notice that
unlike conventional reconstruction techniques (where only the data relative to the Fock
state of interest are kept), here all experimental outcomes with detected number of
photons larger or equal to k are used, thus increasing the number of available data and
the efficiency of the experiment.

Let us now analyze the convergence behavior of the series (3.73). The convergence

radius is given by the condition

1 N
TP R\ 3.74
'( 77D>N+1 (3.74)

which gives the following lower bound on the quantum efficiency np
lsinh2 r—1
2 sinh?r

For values of np smaller than the above bound the series diverges and the present

np > (3.75)

technique cannot be applied. Notice that for all values of r corresponding to sinh? r < 1,
ie. 7 < $In(3+2v/2), there is no lower bound on the quantum efficiency and at
least not very excited Fock states can be successfully reconstructed even with very
inefficient linear detectors. As we already pointed out in previous sections, unlike other
compensation methods based on the inverse Bernoulli transformation [69], where the
convergence radius of the procedure is > 50%, the present method works also for lower
values of the quantum efficiency. The bound 1 = 50% is recovered for this method for
the limiting case of r — oo, namely when the probability distribution p,, is flattened
and therefore does not contribute to the convergence of the series (3.73).

In Fig. 3.28 we plot a simulated tomographic reconstruction of the Fock state |3)
using the proposed reconstruction procedure given in Eq. (3.73). This is to be compared
with the corresponding theoretical Wigner function shown in Fig. 3.25. As we can see,
no systematic errors are present and the Wigner function is perfectly reconstructed.

A comment on the efficiency of the experimental scheme is now in order: to have
an efficient reconstruction of more excited Fock states, i.e. to have a larger probability
of detecting high numbers of photons at mode b, the gain of the NOPA must be in-
creased. However, the convergence of the series (3.73) becomes slower for increasing r
and this implies that np must also be increased in order to have a good reconstruction.
Nevertheless, the present method still compares favorably with the one described in the
previous subsection or with conventional schemes where no quantum efficiency compen-

sation methods are used. As an example of comparison between the different methods,
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Figure 3.28: Simulation of a tomographic reconstruction of the Wigner function for the
Fock state |3). The parameters for this simulation are np = 30%, n, = 80%, £ = .4.
108 experimental homodyne data have been used for 70 different phases, for a total of
7-107 data.

Figure 3.29: Same measurement as in Fig. 3.28, but without the use of the quantum
efficiency deconvolution technique. The quantum characteristics of the state are washed

out.

consider Fig. 3.29 where the same state measurement of Fig. 3.28 is presented without
using the deconvolution technique. Notice how the quantum features of the Wigner

function (i.e. its negative parts) are washed out.

3.6.4 Conclusions

In conclusion, in this section we presented a feasibility study for a tomographic state

reconstruction experiment which was commissioned for an actual experiment, which is
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currently being carried out in Prof. De Martini’s group. The deconvolution method
which was presented in Sect. 3.2 has been here thoroughly analyzed and its validity
limits (in terms of conditioning photodetector efficiency) derived. By using Monte Carlo
simulations, its effects on the reconstructed state have been compared to analogous

experiments that do not make use of such a technique.
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Conclusions

Here we give the conclusions and the possible further developments of the tomographic
framework that was presented in this thesis.

In this thesis the theory of quantum state reconstruction was analyzed using group
theory. The practical mathematical-statistical techniques needed to implement a to-
mography experiment were also given, along with noise deconvolution and adaptive
tomographic techniques. These allow to achieve good tomographic reconstructions
even when using data coming from inefficient detectors and lossy devices, and when
using little number of data in the reconstruction.

The description of three different state reconstruction procedures was given, namely
homodyne, spin and Kerr tomography. Homodyne and Kerr tomography are state re-
construction techniques for the quantized modes of the electromagnetic field. Notice
that since the electromagnetic radiation is treated like an harmonic oscillator, the to-
mographic reconstruction of a quantum harmonic oscillator is achieved with the same
formulas: one only has to devise an experimental apparatus to collect the oscillator
quadratures. The spin tomography, on the other hand, is used for the state reconstruc-
tion of quantum angular momentum (i.e. spin) state systems.

The third part of the thesis consists in the presentation and numerical simulation
of various experiments based on the homodyne tomography technique. In particular,
we presented a scheme for measuring the Hamiltonian operator (or the Liouvillian)
of optical devices; a scheme for generating and detecting optical Schrodinger cats; a
scheme to test the state reduction postulate and one for the test of Bell’s inequalities;
a feasibility study for an experiment that is presently being carried out concludes the
thesis.

Is there still place for developments of the theoretical framework? Even though from
the generality and self-consistence by now reached we are confident that a standing point
has been reached, there are hints that suggest that a further generalization is possible.

It might be possible, for example, to abandon the group theory formalism. In fact, the

123
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group theory is only used as a support for the theorem demonstrations, and, as the
analysis of Weigert’s state reconstruction method [29] lead to think, the requirement of
having an irreducible unitary ray representation of a group to derive the tomographic
quorum from, may be a too strong requirement. Presently, the research is directed
towards the use of the imprimitivity systems in place of the group structure [26]. The
imprimitivity systems may also lead to the tomographic state reconstruction of the
relativistic particle, which has not been obtained up to now. Another generalization
that needs further investigation is the extensions of the tomographic formulas to the

case of discrete tomographic groups that are not subgroups of Lie groups.



Bibliography

1]

2]
[3]

[4]

[11]

[12]

[13]
[14]

[15]

G. M. D’Ariano, C. Macchiavello and M. G. A. Paris, Phys. Rev. A 50, 4298
(1994).

G. M. D’Ariano, U. Leonhardt and H. Paul, Phys. Rev. A 52, R1801 (1995).
K. Vogel and H. Risken, Phys. Rev. A, 40, 2847 (1989).

G. M. D’Ariano, in “Quantum Communication, Computing, and Measurement”,
ed. by O. Hirota, A. S. Holevo and C. M. Caves, Plenum Publishing (New York
and London 1997), p. 253.

M. Paini, thesis (1999).

G. M. D’Ariano, L. Maccone, and M. Paini, “Spin tomography”, in progress.

G. M. D’Ariano, “Universal Quantum Estimation”, submitted to Phys. Rev. Lett.
G. M. D’Ariano, Acta Phys. Slov. 49, 513 (1999).

G. M. D’Ariano and N. Sterpi, J. Mod. Opt. 44, 2227 (1997).

G. M. D’Ariano, M. G. A. Paris, Phys. Rev. A 60, 518 (1999); G. M. D’Ariano,
M. G. A. Paris, Acta Phys. Slov. 48, 191 (1998); G. M. D’Ariano, M. G. A. Paris,
Noise reduction in quantum tomography, submitted to J. Opt. B.

G. M. D’Ariano, “Measuring quantum states”, in Quantum Optics and the Spec-
troscopy of Solids, ed. by T. Hakioglu and A.S. Shumovsky, Kluwer Academic
Publishers (1997), p. 175.

M. Freyberger, P. Bardroff, C. Leichtle, G. Schrade, and W. Schleich, Phys.
World, 10/12, 41 (1997).

U. Fano, Rev. Mod. Phys. 29, 74 (1957), Sec. 6.
U. Leonhardt, H. Paul and G. M. D’Ariano, Phys. Rev. A 52, 4899 (1995).

U. Leonhardt, Phys. Rev. Lett., 74, 4101 (1995).

125



126

BIBLIOGRAPHY

[16]

[30]

D. T. Smithey, M. Beck, M. G. Raymer, and A. Faridani, Phys. Rev. Lett. 70,
1244 (1993); M. G. Raymer, M. Beck, and D. F. McAlister, Phys. Rev. Lett.
72,1137 (1994); D. T. Smithey, M. Beck, J. Cooper, and M. G. Raymer, Phys.
Rev. A, 48, 3159 (1993).

H. P. Yuen and J. H. Shapiro, IEEE Trans. Inf. Theory IT-26, 78 (1980); H. P.
Yuen and V. W. S. Chan, Opt. Lett. 8, 177 (1983).

T. J. Dunn, I. A. Walmsley, and S. Mukamel, Phys. Rev. Lett. 74, 884, (1995)
T. Opatrny and D. - G. Welsch, Phys. Rev. A 55, 1462 (1997).

D. Leibfried, D. M. Meekhof, B. E. King, C. Monroe, W. M. Itano, and D. J.
Weinland, Phys. Rev. Lett. 77, 4281 (1996).

G. Breitenbach, S. Schiller and J. Mlynek, Nature 387, 471 (1997); S. Schiller,
G. Breitenbach, S. F. Pereira, T. Miiller, and J. Mlynek, Phys. Rev. Lett. 77,
2933 (1996). 387, 471 (1997)

C. Kim and P. Kumar, Phys. Rev. Lett. 73, 1605 (1994).

G. M. D’Ariano, M. Vasilyev and P. Kumar, Phys. Rev. A 58, (july 1998) in

press.

M. Munroe, D. Boggavarapu, M. E. Anderson, and M. G. Raymer, Phys. Rev. A
52, R924 (1995).

M. Vasilyev, S.-K. Choi, P. Kumar, and G. M. D’Ariano, (1999) submitted to
PRL.

G. Cassinelli, G. M. D’Ariano, and A. Levrero, unpublished.

A. P. Balachandran and C. G. Trahern, Lectures on group theory for physicists,
Bibliopolis (1984); A. O. Barut and R. Raczka, Theory of group representations
and applications, World Scientific (1986); H. F. Jones, Groups, representations
and Physiscs, Adam Hilger (1990), M. Hamermesh, Group theory and its appli-
cation to physical problems, Addison-Wesley publishing co. (1962).

A. O. Barut and R. Raczka, Theory of group representations and applications,
World Scientific (1986), pg. 68, Eq. (11).

J. P. Amiet and S. Weigert, J. Phys. A: Math. Gen. 32, L.269 (1999); J. P. Amiet
and S. Weigert, e-print, quant-ph/9906099.

A. Rotondi, “Probabilita, statistica e analisi dei dati”, (1995) unpublished.



BIBLIOGRAPHY 127

[31]

[32]

[37]

A. Rotondi, private communication.

G. M. D’Ariano, in Quantum Communication, Computing and Measurement II,
P. Kumar, G. M. D’Ariano, and O. Hirota, eds. (Plenum Publishing, New York,
1999), to appear.

G. M. D’Ariano, L. Maccone, M. G. A. Paris and M. F. Sacchi: “State preparation
by photon filtering”, Fortsch. der Physik, (1999), in press.

G. M. D’Ariano, L. Maccone, M. G. A. Paris and M. F. Sacchi, Acta Phys. Slov.
49, 659 (1999).

G. M. D’Ariano, L. Maccone, M. G. A. Paris, and M. F. Sacchi, “Optical Fock-
state synthetizer” (1999), submitted to Phys. Rev. Lett.

G. M. D’Ariano, L. Maccone, M. G. A. Paris and M. F. Sacchi: “State measure-
ment by photon filtering in a chain of Kerr ring cavities”, 1999, submitted to
Phys. Lett. A.

G.M. D’Ariano, “Quantum estimation theory and optical detection”, in Quantum
Optics and the Spectroscopy of Solids, ed. by T. Hakioglu and A.S. Shumovsky,
Kluwer Academic Publishers (1997), p. 139.

L. Mandel, Proc. Phys. Soc. 72,1037 (1958); ibid. 74, 233 (1959); P. L. Kelley
and W. H. Kleiner, Phys. Rev. A 30, 844 (1964).

E. Wigner, “Group theory and its application to the quantum mechanics of atomic
spectra”, Academic press (1959), formula (15.27), pg. 167.

M. Paini, in progress.

M. Hamermesh, Group theory, Addison-Welsey (1962) chap. 7.
A. Messiah, Quantum Mechanics, North Holland (1961), App. D.
H. P. Yuen and M. Ozawa, Phys. Rev. Lett. 70, 363 (1993).

I. L. Chuang and Y. Yamamoto, Phys. Rev. A 52, 3489 (1995).

G. M. D’Ariano, C. Macchiavello, and L. Maccone, “Optical quantum gates”,
Fortsch. der Physik (1999), in press.

G. M. D’Ariano, L. Maccone, Phys. Rev. Lett. 80, 5465 (1998).

H. Schmidt and A. Imamoglu, Opt. Lett. 21, 1936 (1996); H. Schmidt and A.
Imamoglu, Opt. Lett. 23, 1007 (1998).



128 BIBLIOGRAPHY
[48] L. V. Hau, S. E. Harris, Z. Dutton, and C. H. Behroozi, Nature 397, 594 (1999).
[49] M. Ley and R. Loudon, J. Mod. Opt. 34, 227 (1987).

[50] O. Haderka, M. Hendrych, private communication.

[51] G. M. D’Ariano, C. Macchiavello, and L. Maccone, Phys. Rev. A 59 1816 (1999).

[52] S. Song, C.M. Caves and B. Yurke, Phys. Rev. A 41, R5261 (1990).

[53] G. M. D’Ariano, P. Kumar, C. Macchiavello, L. Maccone, and N. Sterpi, Phys.
Rev. Lett 83, 2490 (1999).

[54] G. M. D’Ariano, A. Garuccio, L. Maccone, and M. F. Sacchi, J. Opt. B, 1, 576
(1999).

[55] G. M. D’Ariano and L. Maccone, “Quantum Tomography of Optical Devices”, in
5th International Conference on Squeezed States and Uncertainty Relations, ed.
by J. Janszky, Y. S. Kim, and V. I. Man’ko, p. 529 (1997).

[56] G. M. D’Ariano and L. Maccone, Fortschr. Phys. 46, 6 (1998).

[57] J. F. Poyatos, J. I. Cirac, and P. Zoller, Phys. Rev. Lett. 78 390 (1997); I. L.
Chuang and M. A. Nielsen, J. Mod. Opt. 44 2455 (1997).

[58] L. Dieci, B. Morini, A. Papini, Siam J. Matrix Anal. Appl. Vol. 17 3, 570 (1996);
L. Dieci, B. Morini, A. Papini, A. Pasquali, submitted to Applied Numerical
Mathematics.

[59] A. Papini, private communication.

[60] R. Dum, P. Zoller and H. Ritsch, Phys. Rev. A 45, 4879 (1992).

[61] L. Maccone, thesis (1996).

[62] G. M. D’Ariano, C. Macchiavello, L. Maccone, Int. J. Mod. Phys. B 11, 3385
(1997)

[63] L. A. Lugiato, F. Casagrande and L. Pizzuto, Phys. Rev. A 26 3438 (1982).

[64] Fritz Haake, Maciej Lewenstein, Phys. Rev. A 27 1013 (1983)

[65] C. Ginzel, M. J. Brigel, U. Martini, B. G. Englert, A. Schenzle, Phys. Rev. A 48,
732 (1993).

[66] M. Brune et al., Phys. Rev. Lett. 77, 4887 (1996); J.M. Raimond, M. Brune and

S. Haroche, Phys. Rev. Lett. 79, 1964 (1997).



BIBLIOGRAPHY 129

[67]

[68]

[69]

[86]

B. Yurke, W. Schleich and D.F. Walls, Phys. Rev. A 42, 1703 (1990); D.-G.
Welsch, M. Dakna, L. Knoll and T. Opatrny, e-print quant-ph/9708018.

A. La Porta, R.E. Slusher and B. Yurke, Phys. Rev. Lett. 62, 28 (1989).
T. Kiss, U. Herzog, and U. Leonhardt, Phys. Rev. A 52, 2433 (1995).
G.M. D’Ariano and C. Macchiavello, Phys. Rev. A 57, 3131 (1998).

T. F. Arecchi, private communication.

G. M. D’Ariano, C. Macchiavello and N. Sterpi, Quant. Semicl. Opt. 9, 929
(1997).

A. Montina and T. F. Arecchi, Phys. Rev. A, 58, 3472 (1998).

J. von Neumann, “Mathematical Foundations of Quantum Mechanics”, Princeton
University Press, Princeton, N.Y. (1955).

G. Liiders, Ann. Physik 8, 322 (1951).

See, for example: E. P. Wigner, Am. J. Phys. 31, 6 (1963); M. Ozawa, preprint
Quant-Ph/9802022/; N. Imoto, M. Ueda, and T. Ogawa, Phys. Rev. A 41, 4127
(1990).

M. Ozawa, private communication.

See M. Ozawa, Ann. Phys. 259, 121 (1997), and references therein.
E. Arthurs and J. L. Kelly, Jr., Bell System Tech. J. 44 725 (1965).
O. Aytiir and P. Kumar, Phys. Rev. Lett. 65, 1551 (1990).

C. Kim and P. Kumar, Phys. Rev. Lett. 73 1605 (1994).

M. Vasilyev, S.-K. Choi, P. Kumar, and G. M. D’Ariano, in Quantum Commu-
nication, Computing and Measurement II, P. Kumar, G. M. D’Ariano, and O.
Hirota, eds. (Plenum Publishing, New York, 1999), to appear.

G. M. D’Ariano, M. Vasilyev, and P. Kumar, Phys. Rev. A 58, 636 (1998).
O. Aytiir and P. Kumar, Opt. Lett. 17, 529 (1992).

G. M. D’Ariano, L. Maccone, M. F. Sacchi and A. Garuccio: “Homodyning Bell’s
inequality”, in ‘4*" Int. Conf. on Quantum Communication, Measurement, and

Computing, Plenum, 1998, in press.

A. Einstein, B. Podolsky and N. Rosen, Phys. Rev. 47, 777 (1935).



130

BIBLIOGRAPHY

[87]
[88]

[89]

[91]

[92]

[93]

N. Bohr, Phys. Rev. 48, 696 (1935).
J. S. Bell, Physics 1, 195 (1964).

J. F. Clauser, Phys. Rev. Lett. 36, 1223 (1976); A. Aspect, J. Dalibard, and G.
Roger, Phys. Rev. Lett. 47, 460 (1981); A. J. Duncan, W. Perrie, H. J. Beyer and
H. Kleinpoppen, in Fundamental Processes in Atomic Collision Physics, Plenum,
New York, 1985, pg. 555; Z. Y. Ou and L. Mandel, Phys. Rev. Lett. 61, 50 (1988);
C. O. Alley and Y. H. Shih, Phys. Rev. Lett. 61, 2921 (1988); J. D. Franson,
Phys. Rev. Lett. 62, 2200 (1989); K. Mattle, H. Weinfurter, P. G. Kwiat and A.
Zeilinger, Phys. Rev. Lett. 76, 4656 (1996).

J. F. Clauser, M. A. Horne, A. Shimony, and R. A. Holt, Phys. Rev. Lett. 23,
880 (1969); J. F. Clauser and M. A. Horne, Phys. Rev. D 10, 256 (1974); A.
Garuccio and V. A. Rapisarda, Nuov. Cim. A 65, 269 (1981).

L. De Caro and A. Garuccio, Phys.Rev. A 54, 174 (1996).

L. Mandel, E. Wolf, Optical coherence and quantum optics, Cambridge Univ.
Press (1995), pg. 649.

G. M. D’Ariano, F. De Martini, G. Di Giuseppe, C. Macchiavello, and L. Mac-

cone, “Quantum tomography of Fock states”, unpublished.



