Wednesday Morning



Noise and information in images
and application to automatic image segmentation

Philippe Refregier and Frédeéric Galland —
Physics and Image Processing group - Institute Fresnel, EGIM,
Dom. universitaire de Saint-Jérome, 13 397 Marseille cedex 20
\\http://www.fresnel.fr/PHYTI/

In this tutorial, we shall discuss the main concepts of information theory which are relevant
for image processing. One thus will analyze the important notions of Fischer and Shannon
information as well as Kolmogorov and stochastic complexities. We shall then show, how
these concepts can be applied to segmentation of noisy images such as radar or active optical
imagery. More precisely, we shall demonstrate how noise properties can be introduced in
information based image processing techniques thus leading to fast and parameter free
segmentation algorithms.
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To date, most theoretically suggested and experimentally realized protocols of quantum
information, such as quantum cryptography, quantum teleportation, dense coding etc., are based
on spatially single-mode optical schemes. However, it is advantageous to achieve essentially
parallel control and processing of quantum information.

In this communication we shall focus on the extension of continuous variable protocols of
quantum information onto the broadband in space-time light fields. The basic quantum resource
Is in our case provided by broadband light fields in entangled EPR state. We discuss the methods
of generation of entanglement with the use of the fields in spatially-multimode squeezed state
produced, e.g., by broadband OPA’s, and find the characteristic spatio-temporal scales of
entanglement.

Recently we have proposed the quantum holographic teleportation protocol, which is a
direct generalization of earlier described and experimentally realized single-mode scheme, but
allows for transportation of quantum state of a broadband in space-time input field (e.g.,
carrying an optical image) from one place to another. The essential distinctions of the parallel
spatially-multimode teleportation protocol from the single-mode version are (i) diffraction of
light by propagation in the scheme, the use of multi-pixel detectors and modulators, and
important role of relevant spatial scales, and (ii) a possibility to control and optimize the
resolving power in space with the use of simple optical elements (lenses).

We demonstrate how the scales of entanglement and of the optical arrangement determine the
resolving power of protocol and the fidelity of teleportation [1]. The global fidelity of
teleportation associated with all degrees of freedom for large system is always very close to zero.
We introduce and discuss the notion of reduced fidelity, which is a quality measure for
teleportation of a subset of the image elements of interest. Quantum holographic teleportation
can be viewed as a quantum limit of conventional non-stationary holography free of quantum
noise.

The dense coding of optical images allows for transmission of two non-stationary optical
images (movies) with the use of two entangled spatially-multimode EPR light beams [2]. By
contrast to conventional coding, in dense coding protocol both transmitted images are created by
sender (Alice) in only one of light beams, the other beam is used by receiver (Bob) as the
reference system. Spatially-multimode entanglement between the signal and the reference beams
allows for extracting more information from detected images, thus improving the capacity of
protocol. We discuss the optical scheme, implementing the protocol, and its information capacity
in terms of mutual information between Alice and Bob.

It is worth to mention a close relation between the concept of dense coding and some
recent schemes of the entanglement based hi-resolution optical measurements, where the role of
entanglement is to provide, in analogy to dense coding, a better reference object for the measured
one.

[1] A.Gatti, 1.V.Sokolov, M.l.Kolobov, and L.A.Lugiato. Quantum fluctuations in holographic
teleportation of optical images. EPJ D, 2004 (in press).
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Qubits have been realised in many physical systems;
qudits, with their larger Hilbert spaces, have not. Qudits
can provide significant improvements over qubits, such as
increased channel capacity in quantum communication
[1]. Entangled qutrits (d=3) provide the best known lev-
els of security in quantum bit-commitment (QBC) and
coin-flipping protocols, which cannot be matched using
qubit-based systems [2]. Entangled qutrits have been re-
alised optically via temporal encoding [3] and via spatial
encoding, Fig. 1, but only indirect measurements have
been made of the entanglement and states of these sys-
tems. These include fringe measurements [4, 5] and the
violation of a two-qutrit Bell inequality [6]. The ability
to completely characterise these entangled qudit states is
critical if they are to find application: this is only possible
via quantum state tomography.

Using transverse spatial modes of the optical field we
produce and measure entangled qubits and qutrits. We
use a combination of plane-wave holograms and single-
mode fibres to manipulate and quantitatively analyse
these qudits: using a quantum state tomography method
that only requires two-part superpositions, we achieve
the first complete characterisation of entangled qutrits
[7]. Plane-wave holograms do not produce/analyse single
Gaussian modes, instead yielding infinite superpositions,
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FIG. 1: (a) Lowest three orders of: Hermite-Gauss mode fam-
ily, HGrs, with r horizontal and s vertical lines of phase dis-
continuity; and Laguerre-Gauss-Vortex mode family, LGV},
with p ring phase discontinuities and a charge | phase singu-
larity, or vortex. The mode order is r+s for HGrs modes
and 2p+l for LGV, modes. Superposition states for (b)
degenerate and (c) non-degenerate qubits, where the logical
modes are respectively of the same and different orders. Non-
degenerate qudit superpositions are unstable: the displaced
singularities move around the beam centre as they propagate.

FIG. 2: Measured density matrices for entangled: a) degen-
erate qubits, H=HG1,0, V=HGy,1. b) & c¢) non-degenerate
qubits and qutrits, G=LGVy,0, R=LGVy,+1 & L=LGVp,—1.

although by appropriate normalisation we approximate
single mode behaviour. We have also modelled, produced
and measured Gaussian-mode holograms, and discuss the
striking differences between these and the plane-wave
case. We discuss the implications for higher-dimensions:
qudit superpositions have previously been measured by
displacing |l=2| vortex holograms [4, 5] but this is incor-
rect once |I|>1 since it analyses a superposition of several
orders, not just the desired two-part superposition.

Ideally, entangled qutrits provide better security than
qubits in QBC. We model the sensitivity of a purification
QBC protocol to mixture, and, using our entangled qutrit
state, show experimentally and theoretically that qutrits
with even a small amount of decoherence cannot offer
increased security over qubit-based protocols [7]. Future
theoretical work in this area should consider the critical
role of even small amounts of mixture.
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Abstract: We review the current understanding and latest developments on the interaction of light
beams containing optical vortices and the corresponding applications to classical and quantum
phenomena.

Since screw dislocations were first discussed in general wave fronts [1], the study of these structures has grown to
become a field of its own: singular optics [2]. Optical screw dislocations, also called optical vortices, are
singularities in the wave front of an optical field, where the amplitude vanishes and the phase twists around the
singularity taking all possible values. The number of twists of the phase, modulo 27, is called the topological charge
of the vortex, which can be either positive or negative depending on the direction of the twist. Vortices appear
spontaneously in several settings, and otherwise can be generated with phase masks, or with astigmatic components.
In this context, parametric mixing of multiple waves containing wave front dislocations in quadratic nonlinear media
constitutes a fascinating scenario. Because of the nonlinearity of these materials, waves of different frequency
become coupled, exchanging not only energy with each other but also wave fronts. In this way the dislocations can
be transformed from one wave to another, opening the door to a variety of classical and quantum phenomena with
important implications and potential applications. For example, in second harmonic generation with moderate
powers and wide beams, light undergoes frequency-doubling together with the generation of a phase dislocation
nested in the second-harmonic (SH) beam. The topological charge of the dislocation generated is dictated by the
charge of the input light at the Fundamental Frequency (FF). A completely different scenario appears when seeding
the process with a charged coaxial SH input beam. In this regime the number, location and charges of the vortices in
the output SH beam depend on the features of the pump and seed beams. This effect can be used in the area of
optical tweezers and in micromachining, e.g., in wavelength optimized photo-polymerization techniques [3]. A new
regime appears when the intensity of the input beams is increased over a certain threshold. In such regime, the
output beams contain multicolor solitons, which are localized structures where the FF and SH energy are spatially
trapped and locked. Multicolor solitons might have interesting applications in future optical devices. Under certain
conditions, clusters of multicolor solitons can be created and controlled by means of the charge of the input beams,
in a process where discrete charge information is transformed into controllable patterns of light [4,5].

Singular beams in quadratic nonlinear crystals show also promise in quantum information applications, through
the generation of two-photon entangled states [6]. Because the orbital angular momentum carried by the photons
defines an infinite-dimensional Hilbert space, it can be employed to generate engineered multidimensional entangled
states, or qudits [7]. In this context, we have recently put forward an experimentally feasible technique to generate
engineered qudits in parametric down-conversion of photons [8]. The scheme translates the classical topological
information imprinted in the light beam, in the form of a vortex pancake, that pumps the two-photon source into
quantum information contained in the weights and phases of the quantum entangled two-photon states.

1J.E. Nye and M.V. Berry, “Dislocations in wave trains,” Proc. R. Soc. London, Ser. A 336, 165 (1974).
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We report on encoding of information into the spatial structure of vortex patterns. The
single optical vortex carries the orbital angular momentum mh per photon. The integer m is its
topological charge and can be positive or negative. From the classical point of view it determines
a pitch of the helical wavefront surrounding the center of the optical vortex. Recently, a variable
method enabling efficient creation of the vortex superposition from the single laser beam has
been proposed and experimentally verified by means of the spatial light modulator [1]. The
structure of computer generated holograms controls the size of the created pattern, vortex
number, spatial positions of their centers, and weighting coefficients. This is the basic principle
of encoding information into the vortex structure. An example of such a complex structure
(superposition of four different on-axis vortices) is shown in the figure, left panel.

Furthermore, the vortex structure is pseudo-nondiffracting so that the length of the region where
it remains nearly unchanged can also be controlled. Decoding of information can be based on
the vortex separation due to the different topological charges. The complete quantum state
tomography of states of the orbital momentum of photon based on the separation of topological
charges has recently been reported in [2], see the figure, right panel for the reconstructed real,
imaginary and absolute values of a density matrix representing an equal weight superposition of
three basic modes. However, other methods of decoding are also possible. Especially promising
seems to be the combination of beam shaping and quantum reconstruction methods. As the
main result we will show the complete characterization of a simple vortex field from several
transversal scans of the field intensity. The quantum state reconstruction of vortex fields will be
an important element of future experiments on information processing with propagating fields.

References
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in print.
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communication, Phys. Rev. Lett. (2004); in print.
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Spatial structures in extended nonlinear optical devices can display important quantum features. For
example, quantum images in Degenerate Optical Parametric Oscillators (DOPO) show quadrature squeezing
in the near field and Einstein-Podolsky-Rosen correlations in the far field. We present here new kinds of
quantum features in the presence of localised spatial structures in DOPO.

We first show that quantum fluctuations can induce arrays of cavity solitons in a DOPO. We introduce
a stochastic model that describes the interaction of pump and signal waves in a x(?) crystal inside an
optical cavity with quantum noise entering from the input mirror. Quantum fluctuations introduce random
creation and annihilation of pairs of domain walls and, after a transient, an equilibrium between these two
processes is found. In the limit of large cavity finesse at the pump frequency with respect to that at the
signal frequency, the density of cavity solitons formed by tightly locked domain walls is high because of large
amplitude local oscillations in the tails of the domain walls [2]. At equilibrium, arrays of cavity solitons are
induced by the quantum fluctuations as clearly shown in the left panel of Figure 1. These noise-induced
structures lead to high spatial correlations and a peak in the power-spectrum corresponding to the size
of the cavity soliton [2]. Decreasing the cavity finesse of the pump field decreases the average size of the
soliton arrays and the density of domain walls. For equal pump and signal cavity finesses, for example, the
dynamics reduces to that of domain walls performing random walks and spatio-temporal disorder is restored
(see the right panel of Figure 1).
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Figure 1: Left panel: Arrays of cavity solitons for large pump cavity-finesse. Right panel: Domain walls
performing random walks for equal pump and signal cavity finesses.

We then describe quantum fluctations in arrays of domain walls and cavity solitons in DOPO. In partic-
ular we characterise quantum correlation functions of the quadrature components of the signal field inside
and outside these localised structures. Since the signal intensity identically vanishes at the core of the wall,
high levels of squeezing are found in the positions close to the centre of the walls. Once cavity solitons
are formed by the locking of two domain walls, the topological constraint of zero intensity is removed and
squeezing is partially decreased in the tails of these structures. Finally, we discuss the importance of pinning
the position of the localised structures for information processing, and present calculations of the velocity
and direction of motion of cavity solitons in the presence of phase modulated pumps.

We acknowledge support from EC-QUANTIM, SGI, EPSRC and SHEFC.
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Optical Angular Momentum
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It has long been recognised that photons have a spin angular momentum,
associated with optical polarisation. It is less well known that a light beam may also
carry orbital angular momentum associated with its spatial phase structure. In
particular, a light beam having an amplitude of the form u(r,¢,z) =v(r,z)e" will
carry an orbital angular momentum of about the z-axis [1]. I will describe how this
angular momentum arises and present evidence for its existence [2].

The values of / are, in principle, unbounded and this means that photons
carrying orbital angular momentum are a physical embodiment of “qudits”, that is
many-state quantum systems. 1 will describe how we can measure / at the single
photon level [3] and how the orbital angular momentum can be changed and
entangled in nonlinear optics [4].

The angular momentum is conjugate to the angle observable and this leads to
an uncertainty relation between them [5]. 1 will present this uncertainty relation and
describe the states that saturate it, together our experimental realisation of the so-
called intelligent states [6]. This work led us to develop a free-space communications
device based on orbital angular momentum in which security is provided by the
uncertainty relation [7].

If there is time, then I will present a discussion of the Abraham-Minkowski
debate in which the linear momentum of a photon inside a dielectric is either %k/n or
hkn. We have devised a new test based on angular momentum inside a dielectric and
are planning a new experimental test of these ideas [8].
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Entanglement induced spatial splitting of light
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We observe a quantum image produced in parametric down-conversion of a pump beam carrying
orbital angular momentum. Measuring the spatial location of coincident photons shows that the
idler beam splits into two, compared to a single beam when down converting with a Gaussian pump.

SUMMARY - It has been shown theoretically [1, 2]
that while twin photons entangled in energy and mo-
mentum propagate in a plane containing the pump beam
(m-plane), twin photons entangled in orbital angular mo-
mentum propagate off-plane. This off-plane deviation
is dependant on the value of [, the orbital angular mo-
mentum, and, therefore, provides a measure of [ for the
pump. Because of the off-plane angle, a spatial pattern
is predicted in the form of two coincidence spots instead
of one. In this paper, we present the first experimental
verification of this entanglement-induced spatial splitting
effect. Figure 1 sketches the scattering geometry utilized
and the resulting two-spot pattern. This phenomenon
is a new type of macroscopic quantum image (an image
seen through G correlation, n > 2) produced by the
twin photons entangled in orbital angular momentum.

In our experiment, the pump is focused into a type-
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FIG. 1: TOP: Experimental setup sketch. A laser beam with
A = 0.351nm is prepared holographically with angular mo-
mentum [ = 4 and focused on a X(2> nonlinear crystal cut for
type-I phase matching. A down-converted signal beam is de-
tected by a fixed single-photon detector, while the conjugate
idler photons are collected by a scanning detector. Fs and
F; are interference filters at 702nm. BOTTOM: Two coin-
cidence spots are seen. The interference filter bandwidth is
10nm. The fixed signal detector is placed at |zs| = 3.7cm and
ys = Ocm from the pump laser. Pumping with a TEMgo laser
mode produces only a single coincidence spot at y = 0.

I phase-matched BBO crystal by a 17.5cm focal-length
convergent lens. Once the signal and idler photons are
generated, there are no lenses or apertures in their paths
besides the 175 pm diameter detector size. This allows us
to obtain a much higher-resolution image at the cost of
lower counting rates. The moving detector, which scans
the quantum image, is controlled with a minimum step
size of 10 ym, while the single and coincident counts are
recorded with a pair of two-channel gated photon coun-
ters. One counts events at the fixed detector for 5ns du-
rations for each trigger from the moving detector while
simultaneously counting the number of triggers. The sec-
ond counter measures the single counts from the fixed
detector.

Theory [1] shows that [ can be measured by projecting
the scattered wavevectors for signal and idler photons on
the plane transverse to the pump wavevector as (ks +
kiz)ZT + (ksy + kiy)y|? = kp 1/zr. This measure of [ can
be written in terms of the coincidence spot separation as

2R Ayo 2 AyO 2
o _ ol (4 ) _2Y
| = T (kssinfp) [(1 cos arcsin 7 > + (Rcos 00) ]

where R is down-converted-ring radius at the detection
plane, and 6y is given by Snell’s law n, sin 65 = sin 6.

With the experimental parameters 6, = 0.0698, ny =
1.6648, ky = 1.4897x10° cm~!, R = 3.7cm, zr = 0.5cm,
kp = 2.9719 x 10°cm™!, and the fitted value Ay, =
3.3mm, we obtained [ ~ 4.0. The azimuthal angle from
the 7 plane for one peak is |A¢| = 4.7°, which matches
the theoretically predicted value.

This experiment provides an independent verification
of orbital angular momentum entanglement reported in
[3] and predicted in [4].
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We present a study of orbital angular momentum transfer from pump to down-converted beams
in a type-II Optical Parametric Oscillator. Cavity and anisotropy effects are investigated and
demostrated to play a central role in the transverse mode dynamics.

We study the OAM transfer in a non-degenetrate, type-II Optical Parametric Oscillator (OPO). The OPO is
pumped by the second harmonic of a Nd:YAG laser. This laser generates a TEMo gaussian beam, that is converted
to a nearly Hermite-Gauss TEMg; beam [1]. An astigmatic mode converter is used to produce a Laguerre-Gauss
beam [2]. Its phase singularity was evidenced by the self interference pattern obtained in a Michelson interferometer.
In the output of the OPO, signal and idler beams are separated by a polarizing beam splitter (PBS). Each down
converted beam is sent into a Michelson interferometer, in order to produce interference fringes that can reveal the
existence of a phase singularity. Then the two outputs are sent onto a CCD camera, that is used to register either
the interference pattern or the intensity profile of the beams. Our results are shown in Fig.(1).

In images 1 and 4, the output intensity in the idler is the one of a Laguerre-Gauss beam. The corresponding
interference patterns show the topological defects in the center of the Laguerre-Gauss beam characteristic of phase
singularities. In this situation, the idler beam carries the orbital angular momentum of the down converted pump
photons. In image 2, the shape of the idler beam is intermediary between a first order Laguerre-Gauss and a diagonal
first order Hermite-Gauss modes. A vortex can still be observed through the interference fringes. In both cases, the
signal beam remains in the fundamental gaussian mode. Following the Poincaré-sphere representation proposed in
Ref.[3], we can look at the idler mode shown in image 2 as an orbital equivalent of an elliptical polarization.

Image 3 the signal beam oscillates in the transverse mode with higher order, but with no angular momentum. The
output is a pure Hermite-Gauss TEMy; mode, vertically oriented. Therefore, the orbital angular momentum is not
conserved due to the crystal anisotropy, which induces an astigmatic propagation of the signal beam, thus preventing
the transfer of orbital angular momentum.

a) i)
a) )

FIG. 1: a-) Intensity and b-) interference patterns of signal (right) and idler (left) beams.
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Entanglement and conservation of orbital angular momentum in spontaneous
parametric down-conversion
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It is known that if the paraxial approximation is valid,
the two-photon detection amplitude, which can be re-
garded as a two-photon wave function, is given by

U(p,,p;) =U <p\g”> P <Psﬁpz>

where U(p, z) is a field with the same angular spectrum

as the pump beam and F(p,z) = LEL smc(?%pZ)

Let us now suppose that the down converter is pumped
by a LG beam whose orbital angular momentum is [ /i per
photon, described by the amplitude Ellj(p; Ao, W,). Here,
p is the radial index. In order to study the conservation
of angular momentum in SPDC, we will expand the two-
photon wave function ¥(p,, p;) in terms of the LG basis
functions U} (p,) U} (p;). That is,

)= 2D Gnlye

ls,ps Li,pi

From the orthogonality of the LG basis, C’Il)-zlzji is given by

0 +p; P — P
Cl’ll_://d d _ul <ps 2);-( s z)
PsPi PsapP; Uy, \/§ \/5

KU (U ().

Based on the above expression, it is straightforward to
show that orbital angular momentum is conserved in the
SPDC process. In principle, this conservation could be
satisfied by fields exhibiting either a classical or quan-
tum correlation (entanglement) of orbital angular mo-
mentum. We will now show that the conservation leads to
entanglement of orbital angular momentum of the down-
converted fields.

If the crystal is thin enough, we can set F = 1. Then,
the biphoton wave function is

Ps + P;
U(p,, p;) U,i( >

V2

It is evident that U(p, + A, p, — A) = ¥(p,, p,;), which
leads to a detection probability satisfying P(p, + A, p, —
A) = P(p,, p;) This property of the detection proba-
bility is not compatible with a classical correlation that
conserves orbital angular momentum, that is,

> on

lizfoo

1 (PIPIGL ()%,

Pcc(ps7 pz) =

where F_(p,) and G, (p;) represent down-converted sig-
nal and idler fields with orbital angular momentum I3/
and [;h per photon, respectively. Here the coefficients P,

satisfy Zl __ B, =1and P, > 0. So, the two-photon
state generated by SPDC must be entangled in orbital
angular momentum.

By means of a simple experiment, we prove that the
above wave function describes accurately the state gener-
ated by SPDC within the assumed approximations. Al-
though direct coincidence detection provides information
about the modulus of ¥(p,, p,), its phase structure can
only be revealed by some sort of interference measure-
ment. We do this with the help of the Hong-Ou-Mandel
(HOM) interferometer. When the interferometer is bal-
anced, that is, when paths s and ¢ are equal, we have
fourth-order interference, which reveals the phase struc-
ture of the wave function. When the path length dif-
ference is much greater than the coherence length of
the down-converted fields, the interferometer plays es-
sentially no role, and the modulus of the wave function
is measured.

If ry and ro are the positions of detectors Dy and Do,
each located at one output of the HOM interferometer,
the coincidence detection amplitude is given by

U = Uy(ry,ra) + U, (ry, re),

where the indices ¢t and rr refer to the cases when both
photons are transmitted or reflected by the beam splitter,
respectively.

It is straightforward to show that, for t = r = 1/\/5,
apart from a common factor,

1 r1+x2 Y1+ yz>
U (py, x= U ;
(pl p2) 9 |: P ( \/i \/§

Ul (CE1 + 22 —y1 — yz)}
v v )
= ub(p)e™,

U(R,0) x

Since U}, has the form U (p)
U(py, po) = ué(R) sin 6,
where R = %|p1 + p,| and 6 is defined by the relations

p18in @1 + p2 sin @o

sinf =
R
p1 COS 1 + p2 cOS o
cosf = 7 .

The coincidence detection probability is therefore
P(p1, ps) x |ui,(R)|2sin2 16.

Experimental data have confirmed our model for SPDC
pumped by LG beams.



M anipulating quantum entanglement with multi-mode photonic devices

J.P. Woerdman
Huygens Laboratory
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woerdman@mol phys.leidenuniv.nl

Optical devices based upon multi-mode interference play an important role in classical optics (e.g. in
integrated optics and fiber optics). We consider the effect of multi-mode devices in a quantum context,
more specifically, when dedling with twin-photon entanglement. The multi-mode devices are inserted
in the beam lines of a spontaneous parametric down-conversion (SPDC) set-up. Aswe will show, this
may either degrade or upgrade the photonic entanglement. We address two examplesin detail.

Subwavelength metal hole arrays

The optical transmission of such an array is strongly enhanced by resonant excitation of surface
plasmons [1]. The propagating nature of these (polarized) surface plasmonsimplies that asingle
photonic input mode is coupled into an ensemble of photonic output modes. Tracing over the latter, by
using a bucket detector, leads to degradation of the twin-photon polarization entanglement [2]. The
corresponding phenomenon at the classica level is depolarization, i.e. fully polarized input light is
transformed, by the hole array, into partly polarized output light. Thisis due, asis polarization
disentanglement in the quantum case, to coupling of the polarization degrees of freedom to spatia
degrees of freedom [3].

Non-integer spiral phase plates

A spira phase plate with integer step is awell-known device to produce alight beam with integer
orbital angular momentum (OAM) per photon [4]. We have recently extended this concept to the case
of anon-integer step, alowing usto study entanglement of non-integer OAM [5]. Input photons, when
passing through such a device, are scattered into a very-high-dimensional Hilbert space of integer
OAM eigenmodes. As a consequence, the Bell parameter S, which has as maximum value 202 for two
entangled qubits, is now predicted to have 3.2 as maximum value, for the case of two haf-integer
OAM photons. In order to verify this, we have developed high-qudity haf-integer spiral phase plates
[6]. These have allowed us, very recently, to measure S=3.04 + 0.06, which demonstrates the predicted
beyond-Bell pairing of two photons.

[1] T.W. Ebbesen, H.J. Lezec, H.F. Ghaemi, T. Thio and P.A. Wolff, Nature 391, 667 (1998).

[2] E. Altewischer, M.P. van Exter and J.P. Woerdman, Nature 418, 304 (2002).

[3] E. Altewischer, C. Genet, M.P. van Exter, J.P. Woerdman, P.F.A. Alkemade, A. van Zuuk and
E.W.JM. van der Drift, arXiv: physcs/0405141.

[4] M.W. Bejersbergen, R.P.C. Coerwinkel, M. Kristensen and J.P. Woerdman, Opt. Comm. 112,
321 (1994).

[5] S.SR. Oemrawsingh, A. Aidlo, E.R. Eliél, G. Nienhuis and J.P. Woerdman, Phys.Rev. Lett. 92,
217901 (2004)

[6] S.S.R. Oemrawsingh, JA.W. van Houwelingen, E.R. Eliel, J.P. Woerdman, E.J.K. Verstegen, J.G.
Kloosterboer and G.W. 't Hooft, Appl. Opt. 43, 688 (2004).



Quantum Imaging of Fractional Orbital Angular Momentum States

D. Voigt, X. Ma, S.S.R. Oemrawsingh, E.R. Elid, and J.P. Woerdman
Huygens Laboratory, Leiden University
P.O. Box 9504, 2300 RA Leiden, The Netherlands

We perform Fourier-optical quantum imaging of twin photons carrying fractional orbital angular momentum.

Orbita angular momentum (OAM) of light [1] draws increasng interes in the fidd of
quantum information processng Snce it provides infinitely many spatial degrees of freedom.
Paticulaly, high-dimensional entanglement is expected to be robust againgt decoherence and
to show dgronger quantum correlations as compared to low-dimensond sysems such as
qubits. [2]

In this experimentd work, we sudy “ghost” images [3] of corrdated twin photons with
fractional OAM. These dates are sdected by usng mode filters conssting of a spird phase
plae (SPP) in combination with a sngle-mode filter. The SPPs used in this experiment have
been manufactured with a step height, h, such as to convert a fundamentd Gaussan beam
with zero OAM per photon into a beam with OAM per photon equal to | = 3.5 (in units of the
Panck congant), or vice versa. [4] Fg. 1(a) displays a schematic of the SPP. The calculated
fa-fidd intengty digribution for a fundamenta Gaussan beam after passng such a SPP is
shown in Fg. 1(b).

Ghos images ae formed in coincidence counting of twin photons from spontaneous
parametric down-conversion, where the sgnd wave, s, is filtered by a combination of a SPP
and a sngle-mode opticd fiber. The idler wave, i, is transversdly scanned by a pinhole, see
Fig. 1(c). Lenses of focd lengths f and f form a Fourier-opticd scheme with the pinhole
resding in a far-fidd image plane of the SPP. As a reault of the (quantum) corrdations the
coincidence counts of 9gnd and idler should reveal a didribution smilar to that in Fg. 1(b).
So far, the transversal wak-off from the birefringent crystd (2 mm thick 3-BBO) blurs the
ghogt imege. This prevents us from clearly resolving the opticd vortex sructure. We present
our investigation of this walk-off and discuss possible remedies.

@) (b)

FIG 1. (a) Spira phase plate. (b) Far field of a Gaussian beam after passing a SPP with | = 35. (c) Ghost
imaging scheme with plane pump wave (p), non-linear crystal (SPDC, type |l phase matching), signal path (s)
with Fourier transforming lens, idler path (i) with 1:1 imaging telescope, mode filter with SPP and single-mode
fiber (SMF), scanning pinhole (PH), coincidence photon counting (CC). Near-field (NF) and far-field (FF)
planes of the SPP are indicated with dashed lines. A vertical linear polarizer and a narrow-band interference
filter in theidler arm are not shown.

[1] L. Allen, M.W. Beijersbergen, R.J.C. Spreeuw, and J.P. Woerdman, Phys. Rev. A 45, 8185 (1992).
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[3] Y. Shih, Eur. Phys. J. D 22, 485 (2003).

[4] S.S.R. Oemrawsinghet al., Appl. Opt. 43, 6838 (2004).
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Synthesizing spatial squeezing and entanglement: generation and applications
Hans-A.Bachor, C.Fabre, N.Treps, W.Bowen, N.Grosse, A.Maitre, M.Hsu, V.Delaubert, P.K.Lam

Australian Research Council COE for Quantum-Atom Optics, Australian National University &
Laboratoire Kastler Brossel, Universite Pierre et Marie Curie, Paris, France

We can now synthesize spatial multi-mode laser beams which contain quantum correlations
suitable for the detection of spatial modulations and signal below the standard quantum noise
limit. This was achieved through a close collaboration between the Australian National University
in Canberra ( ANU) and the Laboratoire Kastler Brossel in Paris (LKB). Our technology is based
on generation of reliable and strong noise suppression using optical parametric oscillators (OPO).
These devices can produce beams with squeezing of 5 dB or larger, which allows already the
detection of modulation signals below the quantum noise limit in the time domain, but with single
mode, TEMoo, spatial beams.

Spatial measurements with the TEMoo mode result in the equivalent quantum noise limitation for
the signal to noise ratio[1]. In order to measure the position of the beam, or any other spatial
information, we have to use detectors with several segments, such as quadrant photo diodes,
and we should use the matching multi-mode spatial beams. This is a special set of modes with
different properties to the conventional hermitian TEMxy modes. The simplest are the so called
flip modes, which are modes with a Gaussian amplitude, but a 180 degree phase shift between
two sides [2]. The properties of a whole system of such modes has been explored [3].

The theoretical work at LKB has shown that by combining squeezed states of the correct flip
mode with a TEMOO laser beam we can synthesize laser beams with the correct spatial
correlations. Experiments at ANU have shown that we can demonstrate an improvement of the
sensitivity for the detection of small periodic oscillation of the beam position [4]. We have found a
way of combining two squeezed beams with a third coherent beam with minimum losses. This
techniques uses the properties of the transmitted and reflected beams of resonant cavities. The
result, named a quantum laser pointer, is a light source which can improve the spatial sensitivity
simultaneously in both transverse directions by a factor of about two below the quantum noise
limit [5].

We can now look for applications of these beams and exploit the quantum correlations in such
situations as microscopy, data storage or the measurement of the small oscillations of the
cantilever in an atomic force microscope. At the same time we are investigating the options for
spatial entanglement within one multi-mode beam which cane be used in quantum information
protocols. This synthesis is complimentary to the techniques in progress in Paris to generate
multimode beams with quantum correlations in degenerate OPOs.

[1] M.I.Kolobov, |.V.Sokolov Squeezed states of light and noise free optical images, Phys.Lett.A 140,
101 (1989)

[2] V.Delaubert, D.A.Shaddock, P.K.Lam, B.C.Buchler, H-A.Bachor, D.E.McClelland, Generation of a
phase flipped Gaussian mode for optical measurement, J.Opt. A 4, 393 (2002).

[3] N. Treps, N. Grosse, W.P. Bowen, M.T.L. Hsu, A. Maitre, C. Fabre, H.-A. Bachor, P.K. Lam,
Nano-displacement measurements using spatially multimode squeezed light J.Opt. B: Quantum and
Semiclassical Optics, submitted (2004)

[4] N.Treps, U.Andersen, B.Buchler, P.K.Lam, A.Maitre, H-A.Bachor, C.Fabre Surpassing the standard
quantum limit for imaging using optical non-classical multimode light, Phys. Rev Lett. 88, 203601
(2002).

[5] N. Treps, N.Grosse, W.P.Bowen, C.Fabre, H-A.Bachor, P.K.Lam, A quantum laser pointer Science
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Optimal strategies in image processing : a quantum study

N. Treps, V. Delaubert, A. Maitre, C. Fabre
Labotatoire Kastler-Brossel, Université Pierre et Marie Curie, Case 74, 75252 Paris Cedex 05, France
nicolas.treps@spectro.jussieu.fi

Abstract: We consider the problem of extracting information from an optical image. The modes
responsible for the quantum noise affecting the extraction are identified, which leads to a strategy
optimizing the information read out.

We consider the general problem of extracting information out of an optical image with an array of detectors or a
CCD camera. The extracted information consists of a given linear combination of the signals recorded on the
different pixels of the detector, which allows us to measure one or several parameters which are responsible for the
image variation : It can be a global motion of the image (translation[1,2] or rotation), a distortion, or also the
determination of the spatial Fourier transform. When the sources of technical noise have been removed, one is faced
with the quantum noise in the system which limits the accuracy with which the information can be extracted.

We have made the full quantum analysis of this measurement process, and identified the origin of quantum noise :
for each measurement, a single transverse mode of specific shape is involved and carries the whole noise affecting
the measurement. We show also that it is possible to go beyond the shot noise limit for this measurement and
therefore improve the information read-out sensitivity beyond the standard quantum limit by injecting a squeezed
vacuum state in this mode.

We then investigate the various ways permitting us to enhance simultaneously the signal to noise ratio in different
measurements of the kind described above, and show how to adjust the linear combination of pixel intensities in
order to optimize the information extraction from the image at, and then below, the standard quantum limit.

We finally apply these considerations to the problem of read-out of optical memories having more than one bit of
information in the focal spot, which would allow us to increase optical data storage denisites beyond the Diffraction
limit of one optical bit per A” .

[1] C. Fabre, J.B. Fouet and A. Maitre, “Quantum limits in the measurement of very small displacements”, Opt. Lett.
2576 (2000).

[2] Nicolas Treps, Nicolai Grosse, Warwick P. Bowen, Claude Fabre, Hans-A. Bachor, and Ping Koy Lam, “A
Quantum Laser Pointer”, Science 301 940-943 (2003).
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Optical data storage: an overview, capacity limits and new options

Joseph Braat

Optics Research Group
Delft University of Technology
Delft, The Netherlands
J.j.m.braat@tnw.tudelft.nl

We present a brief overview of the state of the art in the field of optical data storage. The
past trend (reduction of the diffraction unit A/NA [J with N4 the numerical aperture of the
scanning objective) has attained its practical limits. A further reduction of this unit by using
UV light or ‘immersion’ techniques or optical tunneling seems to pose practical problems
for a mass-produced consumer product.

Higher capacities on a storage medium ask for a higher data retrieval rate. Via a numerical
example we will discuss the various noise sources that are encountered in a real system. It
turns out that some basic noise sources are getting close to limiting the performance and
the data rate of a next-generation optical disc player.

A new option for disk capacity increase will be presented that is based on the use of
specially designed optical effects imparting orbital angular momentum to the reflected light
beam. This option is a spin-off of the European project SLAM (IST-2000-26479) on
density increase in optical recording that was carried out in the years 2001-2004. Initial
simulations and experiments on disc structures producing orbital angular momentum are
described and further research activities in this field and the expected gain in spatial
density is discussed.



Angular momentum as information channel in optical data storage

A.S. van de Nes, S.F. Pereira, and J. J. M. Braat

Optics Research Group, Faculty of Applied Sciences, Delft University of Technology,
Lorentzweg 1, 2628 CJ Delft, The Netherlands

Abstract
We present a way to encode multiple information levels in one location on an optical disc that can
affect or introduce angular momentum on a scanning light beam.

In the field of optical recording, the increase in spatial density has primarily been achieved by
reducing the quantity A/NA, the diffraction unit. A further reduction of the spot size on the disc
along the wavelength path implies the development of low cost UV sources. The N4 increase
beyond the unit value requires immersion read-out or optical tunnelling. Both techniques are not
practical, the first one because of handling problems, the second because of system and medium
robustness. From the very beginning, together with removability, system robustness has been the
most attractive feature of optical recording for the customer and any compromise in this direction
would severely limit the use of optical discs for the cheap storage of massive amounts of
information.

In the present optical recording systems mainly the information on the amplitude of the beam that is
reflected from the structure is used as bit recognition channel. There are however other quantities
that can be used in order to increase the information density, namely the phase and polarisation.
Also, these quantities are more suitable for the introduction of using several detection levels in
contrast to the single intensity level currently used in optical recording. The combination of both
quantities can be studied in the form of angular momentum as an independent detectable quantity.
Angular momentum may be a robust factor for the encoding process since this is a quantity which is
conserved, therefore, noise and defects will have a limited influence on the angular momentum
detection.

In this paper we analyse the angular momentum that is introduced on a beam of light via reflection
from a specially designed optical surface on an optical disc, namely a four-quadrant structure with
an increasing depth for each quadrant. The interferometrically measured height profile of such a
structure, made with a lithographic process, is shown in Fig. 1. A quadrant-type detector can be
used to readout these multiplexed effects. It should be possible to adequately detect both the sign of
the angular momentum and several stages in its amplitude, making this an interesting alternative for
high density optical recording. The experimental verification is in progress.

Staircase structure

X [um]

Fig. 1. Interferometrically measured height profile of the staircase structure.



Noiseless amplification of images, quantum and classical

Eric Lantz
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An image carries an amount of spatial information that can be assessed as the product of the
number of resolution cells by the useful dynamics. I will first recall the link between phase
matching conditions and the size of the resolution cell in a parametrically amplified image,
then I will show the equivalence between the notion of resolution cell and the notion of spatial
mode.

Regarding the dynamics, spatial information is degraded by spatial noise. For very weak
images, spatial fluctuations of quantum origin become predominant. Information theory
precludes any improvement of the signal to noise ratio (SNR) by amplification. However, an
amplified image is less sensitive to degradation of SNR due to detection and therefore the
SNR after detection can actually be improved by image amplification. If spontaneous down
conversion (SPDC) is neglected, phase-sensitive amplification is noiseless, while phase
insensitive amplification adds 3 dB on the quantum noise level. I will compare theoretical and
experimental results in both configurations and discuss how to assess purely spatial
fluctuations on one-shot images. Another important point is taking into account SPDC, which
is in fact non negligible for weak images. Fortunately, subtracting the mean level of SPDC
will be shown to be useful in a large range of practical situations.

Last, I will present some potential applications of parametric image amplification in general
connected to time-gating, like imaging through diffusing media, fluorescence life-time
measurement or active imaging, and I will discuss advantages and drawbacks of parametric
image amplification versus other schemes ensuring time gating, like for example image up-
conversion.



Experimental demonstration of noiseless parametric amplification of images.

Alexis Mosset, Fabrice Devaux and Eric Lantz.
Institut Femto-ST, Département d’Optique P.M. Duffieux, UMR 6174 CNRS,
Université de Franche Comté, Route de Gray, 25030 Besangon cedex -France-
'E-mail: alexis.mosset@, univ-fcomte.fr

Optical noiseless amplification property of a phase sensitive parametric interaction is
wellknown and has been investigated theoretically in space [1] and [2] time domains and
experimentally in the time domain [3]. To our knowledge, this work presents the first
experimental demonstration of purely spatial noiseless amplification of images. A low level
image limited by the shot-noise in its transverse plane is obtained by illuminating a binary
transparency with a pulsed plane wave (T=1 ps @527.50 nm). This signal is amplified by
means of a pump pulse (T=0.9 ps @263.75 nm) in a type | BBO crystal designed for a
collinear phase matching at the parametric degeneracy. Finally, the image is recorded by a
cooled CCD camera (Si thin array, back illuminated, dark-noise=0.05 e/pix/s @-40°C,
readout-noise=3.4 e.rms @100 kHz, QE=0.9 @527 nm). Both, phase sensitive (PSA) and
phase insensitive amplification (PIA) are investigated. PIA is performed with a non-collinear
phase matched interaction and by spatially filtering the amplified signal, contrary to what is
done for PSA which corresponds to a completly degenerated interaction. Statistics on the
photoelectrons fluctuations in the transverse plane of images are calculated over all the
pixels in the considered areas. Noise figures (NF) after detection, for both PSA and PIA
interactions, are found to be less than the expected values (figure1), as it was theoretically
predicted [4] when the elementary area of detection (pixel) is smaller than the resolution cell
of the optical system. From experimental data (magnification of the imaging system, pixel
size, spatial frequencies bandwith of the amplifier) the size of a resolution cell is evaluated to
an area of 5x5 pixels on the CCD. Thus, when statistics are performed on binned pixels, NF's
increase and remain constant when the size of the elementary area of detection becomes
greater than the resolution cell [4]. Experimental NF's are in good agreement with the values
calculated from equations that integrate the effective QE of the detection system and the
amplification gain.
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Figure 1: NF's vs binning.
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Noiseless image amplification in a transverse multimode sub-threshold OPO
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In the last two decades, the OPO has been widely used in the quantum optics and
quantum information domains for producing single-mode non-classical cw beams, such as
squeezed beams, twin beams and more recently EPR beams, in which only the temporal
quantum fluctuations of the light are appropriately tailored. But when trying to use non-
classical light to enhance the resolution of optical images, one needs to consider the spatial
aspects of the light'. Spatially multimode quantum light, unlike single mode light, has been
shown to be able to exhibit striking spatial features such as local squeezing, spatial quantum
correlations between different parts of the beam. High-resolution imaging made by very
sensitive detectors is ultimately limited by the quantum noise of the light and such quantum
multimode light could be used to enhance the resolution of optical images.

We have developed an experiment to perform noiseless image amplification and to
produce spatially multimode cw bright non-classical beams of light. It consists of a frequency
degenerate Optical Parametric Oscillator (OPO) using an optical cavity resonating
simultaneously on an infinite set of transverse modes (“degenerate cavity”). In this system,
pairs of quantum-correlated photons, generated in the crystal by the down-conversion of the
pump, produce, thanks to the degenerate geometry of the cavity, multimode non-classical
beams at the output of the OPO.

Pumped below threshold, the OPO does not emit bright beams, but is predicted to
produce a multimode squeezed vacuum. Furthermore, if injected, the OPO below threshold
can act as an Optical Amplifier for injected images. In this configuration it is well-known that
it can perform a phase-sensitive amplification or de-amplification. This amplification is
predicted to be noiseless, i.e. it does not degrade the signal to noise ratio, which means that
the amplifier does not have a excess vacuum noise input.

In our experiment, using a semi-confocal cavity as the degenerate cavity, we have
performed phase sensitive amplification of simple images through the triply resonant dual-
cavity, type II OPO. We have characterized the spatial gain and the spatial frequency
bandwidth of the system, the fidelity of the output image, and demonstrated that the observed
image amplification was truly multimode. We are currently investigating the noise figure of
the device, i.e. the degradation of the signal to noise ratio through the amplifier, to determine
whether the amplifier acts in the noiseless amplification regime, and we are also studying the
quantum properties of the pair of images produced on the ordinary and extraordinary
polarizations. These images should exhibit intensity correlations beyond the standard quantum
limit, not only on the whole beam, but also locally.

['] N.Treps et al., 2002, Phys. Rev.Lett, 88, 203601



Untill which limits is the optical amplification of a weak image possible?
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Optical amplification of a signal or an image is always accompanied by the amplification of
quantum noise with a mean rate corresponding, in the limit of high gains, to an input noise of
a photon per spatio-temporal mode, or coherence area. Hence, it seems difficult to amplify an
image bearing much less than one photon per mode, like, for example, black-body radiation of
astronomical origin'. We have shown however” that an image of dye fluorescence can be
retrieved with a good contrast after parametric amplification even if the level of the input
image corresponds to significantly less than a photon per mode. Fig.1 shows the dye image
after amplification, that can be considered as the addition of the dye amplified image and of
the amplified quantum noise (or spontaneous down conversion, SPDC). Fig.2 shows the
image of SPDC without any input image and fig.3 is obtained by subtraction of the SPDC
image to the output dye image. The number of photons per mode m of the input dye image
can be estimated either by comparison between the image after subtraction and the level of the
SPDC or by counting the number of modes in the temporal and spatial bandwidth of the
amplifier’. Both methods give a result of about m=0.15 photons per mode.

After subtraction of its mean value, the level of the noise induced by SPDC, given by its
standard deviation, must be smaller than the mean of the dye image to allow a correct retrieval
of this image. Because images of the N different temporal modes add incoherently on the
C.C.D. sensor and single mode SPDC has a thermal statistics, this condition can be expressed

as : N*m *G > VN G = m> (/N ), where G is the high amplifier gain. N can be
increased by increasing the recording time, i.e. by recording the addition of several one-shot

images. Hence, detecting images with 10 photons per mode should be possible, leading to
the possibility of amplifying black-body radiation in the optical domain.

fig.1 : dye experimental image fig.2 : image of parametric
fluorescence

fig.3: image with subtraction
of parametric fluorescence
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Resolution limits in three-dimensional fluorescence microscopy and
some methods to overcome the classical Abbe criterion
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ABSTRACT

The optical microscope has become the instrument of choice for the comprehension of cellular
mechanisms, thanks to its unique properties of 3-D imaging into living specimens, the recording of
temporal evolutions being also possible.

Many optical techniques (transmission, phase contrast, differential phase contrast) do exist.
However, fluorescence microscopy has often the preference of biologists, because specially
developed fluorescent tags (chemical fluorophores, tagged antibodies, quantum dots) permit to
specifically study precisely selected structures inside the cell, as well as their associated biological
functions.

However, compared to other techniques like electron microscopy or scanning near-field optical
microscopy (SNOM), the optical microscope has a limited resolution. Indeed, the diffraction
phenomenon, associated to the focusing of an electromagnetic wave, which explains the image
formation process, limits the smallest accessible details to about 150 nm laterally, and no better than
350 nm along the optical axis for a conventional microscope (these values being purely theoretical).

First, the classical theory for image formation in a fluorescence microscope is presented, taking into
account the stratified structure composed of the immersion medium, the coverslip and the specimen,
which is characteristic of biological observations.

Then, techniques to overcome the classical Abbe limit in fluorescence microscopy will be
presented. Among these techniques, structured illumination, 4Pi microscopy and STED microscopy
are among the most promising. Their principle and some of their limitations are presented.

These techniques promise an ultimate resolution in the few nanometer range in far-field. Obtaining
these results in a biological specimen will however require mastering the complete chain of data
acquisition and processing, from the phenomena of photon emission into the specimen and the
transmission of this fluorescence light through the specimen and the instrument, to image
restoration techniques.
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Scattering imaging: from near field to 3-D
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Resolution in optical microscopy is limited by diffraction to 200-300 nm. Scanning probe microscopes such as
the scanning tunneling microscopes (STM), the atomic force microscopes (AFM), and the scanning near-field optical
microscopes (SNOM) have been developed to overcome the diffraction limit. Scanning probe microscopes provide high

resolution images by scanning a tip across the sample surface.

Most of the instruments built for Scanning Optical Near Field Microscopy (SNOM) use a metal coated tapered
optical fiber with a nanometric hole at the tip apex. Such systems squeeze the electromagnetic field in the tapered region
and act like metallic wave-guides above their cutoff frequency. There is so a trade-off between resolution and efficiency.
The resolution is higher for small holes and small angles of the tapered part.

The use of a tip such as the apex of a near field probe (Atomic Force or Tunneling) to scatter the local field
(propagating and evanescent waves) has proven to be very powerful in terms of both resolution and efficiency. To
understand the physical origin of these performances let us recall that in the very near field of the tip electromagnetic
fields behave like electrostatic ones. Moreover, with a metallic tip, the smaller is the curvature radius, the larger the field
enhancement. We will describe a few experimental schemes performing imaging below the diffraction limit of classical
microscopy. An emphasis will be made on the apertureless near-field microscopy approach which, in our opinion, offers a
number of advantages such as: good spatial resolution (typically 10 nm), easy tip fabrication, large spectral domain (from
near UV to mid IR ) and high efficiency because of local field enhancements. We will show how the signal is generated
and what kind of local information can be deduced from the light scattered by this nanometric size antenna. We will then
give some experimental examples illustrating the ability of this near-field microscope to reveal local physical properties

associated to absorption, refractive indexes, reflection, localization ... as well as polarization effects and magneto-optics.

The strong and precise connection of the probe and the sample with the microscope prevents probing three-
dimensional objects. Recently, it has been proposed to replace the physical connection by optical tweezers that trap and
stabilize a particle, which then serves as a probe [1]. Three-dimensional images of polymer network structures were
reconstructed from the histogram of thermal position fluctuations of a single particle probe. We propose a new technique
using multiple nanometric beads as probes dispersed and fixed in the volume of the sample. The bead positions are
determined with a precision better than the diffraction limit. We have two experimental goals : gels rheology and 3-D

imaging of hollow structures.

The measurement of the displacement of the beads when a mechanical constraint is applied to the sample
enables one to discover the local deformations of the sample and provides information about its three-dimensional
structure. One of the applications is precise measurement of plastic flow heterogeneities in gels under simple shear strain.

It is known that fluids exhibiting a yield stress have very heterogeneous flow. Although the mechanical properties of gels



have been measurable for several decades, the nature of the flow is a subject of intensive research in the field of soft
matter physics (jamming and rheology). Therefore we aim, with our optical device, to investigate the flow of
concentrated colloidal particle suspension at small scales with a three-dimensional resolution, in order to gain insight into

this field of physics.

We will describe the experimental set-up. We calculate the sensitivity required to image the beads. We explain how the

beads are localized in three dimensions with high resolution and report on experimental measurements of the resolution.

Then we will discuss the use of such probes for 3-D imaging and in particular the main constrains of the setup in term of

speed and signal-to-noise ratio.
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Enhancing the axial resolution of quantum optical coherence
tomography by nonperiodic quasi-phase-matching

S. Carrasco, J. P. Torres,and L. Torner

ICFO-Institut de Ciencies Fotoniques, and Department of Signal Theory and Communications,
Universitat Politecnica de Catalunya, 08034 Barcelona, Spain

A.V. Sergienko, B. E. A. Saleh, and M. C. Teich

Quantum Imaging Laboratory, Department of Electrical & Computer Engineering and Department of Physics,
Boston University, Boston, Massachusetts 02215

Abstract: We demonstrate theoretically that a properly designed nonperiodic quasi-phase-matched nonlinear crystal
structure can serve to enhance the axia resolution of quantum optical coherence tomography, permitting it to attain
sub-micron imaging. We show how the pump pulse duration affects the resolution that is attainable.

Optical coherence tomography (OCT) is a versatile, noninvasive imaging technique with a host of applications in
biology and medicine [1,2]. Because of its interferometric nature, OCT can achieve high axial resolution,
independent of focusing conditions, since axia and transverse resolution are determined independently. A quantum
version of this technique, called quantum optical coherence tomography (QOCT), has recently been set forth [3]. It
has been experimentally demonstrated that in the presence of dispersion in the sample under test, axia resolution
can be improved relative to classica OCT [4,5] by virtue of the quantum cancellation of even-order dispersion [6].
QOCT makes use of a pair of entangled photons generated via the nonlinear optical process of spontaneous
parametric down-conversion. The frequency anti-correlation inherent in the two-photon state leads to the dispersion
cancellation, while the spectral content, or bandwidth, of the down converted photons determines the axial
resolution of QOCT. Resolution improves as the bandwidth increases.

In this paper we suggest that quasi-phase-matching (QPM) can be used to enhance the spectral bandwidth of the
entangled two-photon state produced in the down-conversion process, while simultaneoudy maintaining the
frequency anti-correlation. QPM provides a serious aternative to conventional phase matching for many optical-
parametric-process applications, and QPM engineering opens up a variety of new possibilities. In particular, we
show that down-conversion via longitudinally-chirped QPM can substantially enhance the axial resolution of
QOCT. The merit of this particular modulation scheme is that it permits many different signal and idler photon
wavelengths to be phase-matched at different positions inside the nonlinear crystal, thus broadening the spectral
content of the two-photon state. QPM down-conversion with a cw pump offers dispersion-cancelled QOCT and is
thereby superior to conventional bandwidth enhancement techniques that make use of ultrashort pump pulses.

The sketch of a particular nonperiodic QPM sample is displayed in Figure 1. Writing a chirp in the QPM grating
such that its period is linearly swept, for example, leads to a broadening in the spectrum of the signal and idler
photons. This bandwidth broadening is directly trangated into an improvement in resolution of the QOCT technique.
The model of the sample under consideration comprised two membranes separated by a distance of 5 nm and filled

with water. Using simulations, we have shown that sub-micron resolution can be achieved by using properly
designed QPM structures. The influence of the pump pulse duration on the attainable resolution has also been
studied for different nonperiodic quasi - phase-matching gratings and a discussion of thisissue will be provided.

References:
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) [2] A. Fercher et al., Rep. Prog. Phys. 66, 239 (2003).
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