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COHERENT PROCESSES IN NONLINEAR OPTICS



Advances in Laser Cooling

Claude Cohen-Tannoudji

College de France and Ecole Normale Superieure, Paris

An atom, having several ground state Zeeman sublevels and moving in a light

wave with polarization gradients, experiences very efficient cooling mechanisms,

such as "Sisyphus cooling". The quantum limits of 1-D Sisyphus cooling have been

investigated in detail and one predicts that, for the lowest temperatures which can

be achieved by such a scheme, atomic motion is quantized: there are well resolved

vibrational levels, more precisely energy bands, in the potential wells associated

with light shifts and the atomic population is concentrated in the lowest, well

localized, vibrational states.

Recent experiments will be described, which use stimulated Raman and

Rayleigh spectroscopy, or fluorescence studies, for checking these theoretical pre-

dictions and for investigating the dynamics and the spatial distribution of laser

cooled atoms in 1-D optical molasses. The frequency and the damping rate of the

atom's oscillations in the potential wells associated with light shifts are measured

for the first time. Experimental evidence is obtained for a Lamb-Dicke narrowing

of the Raman lines. Very narrow Rayleigh lines also demonstrate the existence of

a large-scale spatial order of the atoms, presenting some analogy with an antifer-

romagnetic medium.



Laser Cooled Atomic Beams for Atom Optics

A. Faulstich and J. Mlynek

Fakultat fur Physik, Universitat Konstanz

D-7750 Konstanz, Germany

We report on recent experiments using light forces in order to increase the

spectral brightness and monochromaticity of supersonic beams of metastable noble

gas atoms. Radiation pressure from one dimensional optical molasses was used to

cool the atoms in the moving frame. A scheme to collimate the atomic beam, using

stimulated cooling will be presented. Possible experiments with such coherent

atomic beams will be discussed with emphasis on atom optics.



Electromagnetically Induced Transparency

S.E. Harris

Ed.L. Ginzton Laboratory

Stanford University, Stanford, CA 94305

For about fifteen years the atomic physics community has been aware of a

phenomena which is termed as population trapping. This type of trapping may

be viewed as a man-made Fano interference. Population remains in the ground

state and the atom is immune to vacuum field fluctuation, autoionization, and,

in certain cases, collisional dephasing. The system also exhibits unusual disper-

sive, nonlinear, and emissive properties. These include very slow optical group

velocities, multiply-nonresonant nonlinearities and different emissive and absorp-

tive profiles. Using both autoionizing and collisionally-broadened systems we have

observed large increases in transparency in otherwise optically thick media.



Enhancing the Index of Refraction via Quantum Coherence:

Quantum Noise Quenching and Applications

M.O. Scully

Center for Advanced Studies, University of New Mexico

and Max-Planck-Institut fur Quantenoptik, D-8046 Garching

Atomic coherence effects have been shown to yield reduction in the laser

linewidth as well as squeezing. Likewise, atomic coherence promises to yield las-

ing without inversion. Combining these two concepts leads to potentially intense

sources of squeezed light. Application to such problems as magnetometry could

provide new devices with much higher precision than the state-of-the-art devices.
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Experimental Realizations of Coherent Control and

Stimulated Symmetry Breaking

M. Shapiro

Department of Chemical Physics

Weizmann Institute of Science

Rehovot 76100, Israel

We review the theory of Coherent Control and show how by varying the op-

tical phase we can control a variety of dynamical processes. We discuss a number

of experimental scenarios for coherent control and some of the on/off experiments

performed so far on ionization in Hg and HC1. We also discuss a preliminary exper-

iment designed to control multiple branching: This is the control of the electronic

states of Na resulting from the 2-photon dissociation of Na.2-

We then show how the principles of coherent control can be used to stimulate

and direct symmetry breaking processes. These are processes in which the Hamil-

tonian is perfectly symmetric, yet the system collapses to a non-symmetric state.

We show that this can be achieved using a two-pulse sequence in molecules having

both totally-symmetric and non-totally-symmetric optically-allowed excited state

vibrations. We point out that this scheme can be used for an absolute synthesis

of chiral molecules.
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Near Dipole-Dipole Interactions in Quantum and

Nonlinear Optics

Charles M. Bowden

Weapons Sciences Directorate

U.S. Army RD&E Center

Redstone Arsenal, Alabama, USA

A self-consistent generalization of the Maxwell-Bloch formulation under con-

ditions that the atomic density is such that, on the average, there are many atoms

within a cubic resonance wavelength, is shown to result in a new, unique set of

coupled Maxwell-Bloch equations. These equations lead to the prediction of a

plethora of new phenomena. Some specific examples are presented and discussed,

including linear and nonlinear spectral shifts, intrinsic self-phase modulation in

self-induced transparency, novel optical switching and pumping techniques, and

intrinsic optical bistability. Unique effects due to inhomogeneous broadening are

presented and discussed, and application is made to the analysis and prediction of

novel phenomena in semiconductor laser amplifiers.



Dephasing in GaAs Quantum Wells

Yehiam Prior

Department of Chemical Physics

Weizmann Institute of Science

Rehovot 76100, Israel

Excitonic transitions in thin layer quantum wells, due to the strong non-

linearity and response to external fields, have attracted significant attention as

potentially useful for device applications. Dephasing processes play a crucial role

in the nonlinear resonant interaction with these transitions, and have also been

the subject of active research over the last few years. New experimental results

in both the time and frequency domains will be presented, demonstrating the

polarization and wavelength dependence of the dephasing rates. Biexcitons are

shown to be important, and the biexciton binding energy is directly measured by

nondegenerate four wave mixing.
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Coherent Population Transfer with Delayed Pulses in Multi-State Systems

J. Oreg

Nuclear Research Centre Xegev, Beer-Sheva S4190, Israel

K. Bergmann

Physics Department, University of Kaiserslautern, Kaiserslautern 6750, Germany

B.W. Shore

Lawrence Livermore National Laboratory, Livermore, CA 94550, USA

S. Rosenwaks

Physics Department, Ben-Gurion University of the Negev, Beer-Sheva 84105, Israel

Ŷe present explicit analytic expressions for adiabatic dressed states which,

in suitable limits, produce complete population transfer between initial and final

states of multi-state excitation chain without ever placing appreciable population

into intermediate states. The population transfer schemes are a generalization of

the three-state Stimulated Raman Adiabatic Passage (STIRAP) that makes use of

counter-intuitive pulse sequences. We demonstrate analytically and numerically

that the N-state systems with even number of levels differ in a very significant

qualitative way from such systems with odd N. In particular, we find that for

even N systems the presence of modest detuning from single-photon resonance is

critical to the success of population transfer. The connection between the STIRAP

process and other frequency chirping multilevel adiabatic schemes is discussed in

the Landau-Zener picture.
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Ultrashort Pump-Probe Spectroscopy

Benjamin Fain

School of Chemistry, Tel-Aviv University

Tel-Aviv 69978, Israel

In ultrashort (femtosecond) pump-probe spectroscopy the pump pulse cre-

ates a nonstationary medium, while the probe pulse propagates in such a medium.

The constitutive equations of the nonstationary media are different from those

of the stationary media. While the density matrix of the stationary medium

is diagonal, the pump pulse induces the density matrix "jumps" containing the

off-diagonal elements. Phenomenologically, the nonstationary medium is charac-

terized by frequency-frequency, time-frequency or two-time susceptibilities. The

propagation of the probe-pulse energy in the bulk medium is characterized by

coarse grained susceptibilities. The main emphasis of the paper is put on the

analysis of spectral content of a short probe pulse passed through the optically

thin sample. Absorption of energy and dispersion of each Fourier component of

the probe pulse are considered. Explicit expressions connecting absorption of en-

ergy and dispersion on the one hand, with matter characteristics on the other

hand, are obtained. These expressions are quite different from the conventional

line shapes of the stationary media.
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CAVITY QED
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Precision Measurements of van der Waals and Radiative

Shifts in Cavity QED

Serge Haroche

Ecole Normale Superieure, Paris and Yale University, New Haven

Atoms confined in a cavity have their energy levels as well as their radiative

natural life times modified by the interaction with the boundaries. In small mi-

crocavities, the energy shifts are of the van der Waals type and correspond to the

instantaneous interaction of the atom with its images in the cavity walls. These

shifts have been recently observed at Yale on Rydberg atoms confined in micro-

cavities made of plane parallel mirrors separated by a distance L varying from 0.7

to 2.4 microns.1 The main features of the Lennard-Jones theory of the atom-metal

surface interaction have been quantitatively verified for the first time (notably the

l/L3 dependence of the interaction). These "electrostatic" van der Waals shifts

appear as interesting "tools" to measure the distance of an atom to a surface and

to perform various atomic localisation experiments in microcavities.

When the cavity size or the atom-to-wall distance is increased beyond a value

of the order of the characteristic atomic emission or absorption wavelengths, the

atom-image interaction becomes retarded. For atomic excited states, the energy

shifts then correspond to a l/L long-range dipole-dipole coupling, which may be

strongly enhanced when a cavity mode coincides with an atomic frequency. These

"'radiative shifts" occur even if the cavity is empty (vacuum shifts). An "induced"

contribution, proportional to n, adds to the vacuum shift when the cavity field

contains n photons. This contribution is dispersive, i.e., inversely proportional to

the atom-cavity mode detuning. These radiative cavity shifts produce a dephas-

ing of the wave function of atoms crossing the cavity. The measurement of this

dephasing by an atomic interfercanetry method (e.g., Ramsey fringes) appears as
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a very simple and natural way to perform a quantum non-demolition detection

of the photon number in the cavity.2 The study of the "back action" dephasing

produced on the field by a Rydberg atom dispersively coupled to the cavity mode

also offers the possibility of simply realizing for the first time a "Schrodinger-cat"

state of the field. Experiments along these lines in progress at Ecole Normale

Superieure will be analyzed in details.

References

1. V. Sandoghdar, C. Sukenik, E. Hinds and S. Haroche, Phys.Rev.Lett. (June

92).

2. M. Brune, S. Haroche, V. Lefevre, J.M. Raimond, N.Zagury, Phys.Rev.Lett.

£5, 976 (1990); M. Brune, S. Haroche, J.M. Raimond, L. Davidovich and

N. Zagury, Phys.Rev.A £§, 5193 (1992).
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Applied Cavity QED: Micromasers as Which-Way Detectors

Berthold-Georg Englert and Herbert Walther

University of Munich and Max-Planck Institute for Quantum Optics

The center-of-mass motion of an atom traversing a micromaser cavity is not

affected by the interaction with the quantized photon field. Therefore, micromasers

can be employed as recoil-free, one-bit, which-way detectors. One application is

the demonstration of complementarity in various kinds of atom interferometers

without invoking the position-momentum uncertainty relation. A thought exper-

iment illustrating the essence of quantum erasure will also be discussed. Finally,

these which-way detectors are used to show that the Bohm trajectories, which were

originally introduced to provide a "realistic" interpretation of quantum theory, are

in fact surrealistic.
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Measurements in Quantum Optics

Axel Schenzle

Sektion Physik der Universitat Miinchen und Max Planck Institut

fur Quantenoptik, Garching, Germany

Recent progress in the field of quantum optics has renewed interest in the

basic problems of quantum measurements, since it has become possible to do

experiments with single atoms in interaction with fields containing a few photons

only. The object of the measurement can either be the time evolution of the

atom or of the field. The simplest and therefore most transparent paradigm for

the meter-system interaction is the three-level atom with an allowed optical and

a slow radio-frequency transition. Quantum jumps, the Zeno effect as well as

Aharonov's version of the Zeno phenomenon are examples, where the dynamics of

a two-level atom is either monitored continuously or imposed on the system by

the fluorescence of the second transition. The dynamics of the photon field inside

a cavity - its photon number and its phase - can be observed in complementary

experiments. The measurement of the intensity tends to collapse the state of

the field into a Fock-state, while destroying all information on the phase. The

measurement of the phase in the micro-maser reduces the phase variance in course

of time, thereby revealing the time constants of phase diffusion. The narrowing

of the phase fluctuations depends sensitively on the average number of photons

available.
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Quantum Field Model of Injected Atomic Beam in the Micromaser

J.D. Cresser

School of Mathematics, Physics, Computing and Electronics

Macquarie University, NSW 2109, Australia

A general theory of the micromaser1'2 (a microwave cavity pumped by a beam

of excited atoms) is described. The model is based on treating the input atomic

beam as a two component quantum field so that the two-level atoms in the beam

are "'quanta"' of this field. This approach makes it possible to formulate a general

quantum Langevin description of the dynamics with the input atomic field as a

source of quantum noise. The introduction of a generalized form of the adjoint

operator defined by Gardiner3 leads to a general non-Markovian master equation

for the density operator of the field inside the cavity valid for arbitrary states of the

input atomic beam. The arrival statistics of the atoms are specified by the choice

of the quantum state of the beam. The by now well-known steady state photon

statistics of the cavity field for sub-Poissonian4 (under suitable approximation)

and Poissonian states of the beam are derived, and the work extended to treat

super-Poissonian beams. Future directions for the research, including a study of

the properties of the emergent atomic beam are also proposed.

References

1. D. Meschede, H. Walther and G. Muller, Phys.Rev.Lett. 54, 551 (19S5).

2. P. Filipowicz, J. Javanainen and P. Meystre, Phys.Rev.A. 34, 3077 (19S6).

3. C.W. Gardiner, IBM J.Res.Develop. 22, 127 (19SS).

4. J. Bergou and P. Kalman, Phys.Rev.A 43, 3690 (1991) and references

therein.
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Conditional Preparation and Detection of Schrodinger Cats

B. Sherman and G, Kurizki

Department of Chemical Physics

Weizmann Institute of Science

Rehovot 76100, Israel

and

B. Garraway, H. Moya-Cessa and P.L. Knight

The Blackett Laboratory, Imperial College, London, UK

We have recently put forward1 a simple, feasible scheme for the preparation

and subsequent detection of macroscopic quantum superposition (MQS) states,

known as ''Schrodinger cats"'. It is based on the two-photon model which obtains

when a cascade of two atomic transitions is resonant with twice the field frequency.

The initial conditions amount to a field in a mixed state characteristic of lasers or

masers and an excited atom. The MQS is generated by a conditional measurement

of the atomic excitation after an interaction time that determines the relative phase

of the MQS components. Remarkably, the MQS is subsequently detected and its

phase is inferred by measuring the excitation probability of a second, "probe",

atom, as a function of its interaciton time. The realization of the scheme in the

optical domain, using dielectric microspheres, is discussed.

The conditioned preparation of MQS is generalized2 to a sequence of many

atoms that exit the cavity in the excited state, at either equal or varying time

intervals. The ability to effectively generate different phase or photon-number

distributions by such a sequence of atoms is demonstrated.

The evolution and properties of MQS are shown to be drastically modified

when the field-atom coupling is periodically modulated in time, owing to atomic
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motion through a spatially-periodic field mode.3 These modifications include: (a)

velocity-dependent constraints on the maximal phase separation between the two

superposed states; (b) "freezing" of the MQS for considerable times near the max-

imal phase separation; (c) velocity-dependent photon statistics, which can be cho-

sen to be predominantly sub-Poissonian.

References

1. B. Sherman and G. Kurizki, Phys.Rev.A (Rapid Commun.), 45, 7674

(1992).

2. B. Sherman, G. Kurizki, B. Garraway, H. Moya-Cessa and P.L. Knight (in

preparation).

3. B. Sherman, G. Kurizki and A. Kadyshevitch, Phys.Rev.Lett, (submitted).
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Extreme Vacuum Confinement Effects on Fundamental Scattering Processes

and on the Nonlinear Dynamics of Optical Microcavity Devices

F. De Martini

Dipartiir.ento di Fisica dell'Universita' "La Sapienza"

Roma 00185, Italy

It is shown theoretically and experimentally that the condition of "extreme"

vacuum confinement (i.e., within dimensions of the order of the photon wavelength)

has striking effects on fundamental quantum scattering processes as the Compton

scattering, the Raman scattering and the Spontaneous Emission. Furthermore, in

a collective regime, that process is shown to affect in a drastic way the nonlinear

dynamics of active microcavities as in the case of microlasers and of microscopic

parametric oscillators (micro-OPO).
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Fractional Revivals in the Jaynes-Cummings Model

I.Sh. Averbukh

Department of Chemical Physics

Weizmann Institute of Science

Rehovot 76100, Israel

It is shown that the phenomenon of fractional revivals, which was observed in

recent laser experiments on atomic wave-packets, determines the long-time behav-

ior of the Jaynes-Cummings model for a two-level atom interacting with a quan-

tized cavity field. This provides a new mechanism for the generation of coherent

superpositions of macroscopically distinguishable states of the field (so-called "op-

tical Schrodinger cats") via resonant processes. The emergence of these states is

associated with the appearance of atomic inversion revivals following each other

2,3,4,... times faster than the usual ones.
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Damping of Quantum Superpositions

Samuel L. Braunstein

Department of Physics

Technion, Haifa 32000, Israel

We study the first-order perturbation of a generic Markovian master equation

on a general superposed quantum state. For superpositions of "'well-separated"

states we obtain a universal formula describing their decay. This leads to a par-

ticularly simple picture for the destruction of superpositions in the case of single-

photon damping.



Cavity QED in Microdroplets

H.M. Lai, P.T. Leung and K. Young

Department of Physics

The Chinese University of Hong Kong

There has been substantial interest in QED processes in cavities whose dimen-

sions cannot be regarded as infinite compared with the optical wavelength. For

example, the radiative transition rates for a highly excited atom in a microwave

cavity can be drastically affected by tuning the cavity onto or away from the tran-

sition line.1 There are two ways of describing this effect. First, one could consider

the nontrivial variation of the vacuum fluctuations of the electromagnetic fields

through the eigenfunction expansion for the particular geometry.2 While entirely

correct, this approach involves complicated electromagnetic eigenfunctions even

in the final result, and is not amenable to a simple physical interpretation. An-

other formulation,3 which is entirely equivalent, is based on Purcell's4 intuitively

appealing statement

Rate = 2-\M\2p

The matrix element M =< f\p\i > for (say) the dipole operator p depends only

on the initial and final atomic states i, f, while the entire effect of the environment

is summarized in the density of states p. All such cavities admit some (in certain

cases substantial) leakage of photons.

(1) Microwave cavities have holes for the entrance and exit of the atomic beam.1

(2) Cavities defined by optical elements do not have 4r coverage or total reflection

within the solid angle of coverage.5

(3) Microdroplets confine glancing rays by total internal reflection,* but even for

such rays, there is leakage when the wave nature of light is taken into consideration.

The leakage makes the cavity a nonhermitian system,3'7 for which the concept
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of a state, i.e., a normalized eigenfunction of a hermitian operator, is no longer

well defined, and Purcell's formulation must be re-examined. In fact, given that

a leaky mode behaves as an outgoing wave exp{ikr)/r at infinity, these modes are

not even square-integrable.

It is shown that the concept of the density of states can be precisely formulated

for a general leaky cavity. For microdroplets the resulting formula can be precisely

evaluated, thanks to the spherical geometry.3 It is found that

(1) Each narrow resonance corresponds to one state in the sense

pduj « 1

(2) The total number of states (measured in the above sense) in any reasonably

large frequency interval is unaltered, being only redistributed.

(3) Purcell's formula holds in the limit of weak coupling, i.e. if the transition rate

is small compared to the width of the resonances.

These results are used to discuss experimental features on QED processes in

such cavities, such as fluorescence,8 both in the spectral domain and in the time

domain. The same conceptual tools are also shown to be useful for nonlinear

optical processes.

References

1. P. Goy et al. Phys.Rev.Lett. 30., 1903 (19S3).

2. H. Chew. Phys.Rev. ML, 4107 (19SS): A2&- 3410 (19SS).

3. S.C. Ching, H.M. Lai and K. Young, J.Opt.Soc.Am. SA, 1995 (19S8); B&,

2004 (19SS); H.M. Lai, P.T. Leung and K. Young, Phys.Rev. ML, 1597

(19SS).

4. E.M. Purcell, Phys.Rev. £2, 6S1 (1946).

5. D.J. Heinzen and M.S. Feld, Phys.Rev.Lett. 5JJ, 2G23 (19S7); F. De Martini

et al. Phys.Rev.Lett. oj>, 2955 (1987); F. De Martini and G. Jacobovitz,

Phys.Rev.Lett. £Q_, 1711 (19SS).

6. S.C. Hill and R.E. Benner, J.Opt.Soc.Am. B2. 1509 (19SC); R.E. Benner

et al., Phys.Rev.Lett. 4J, 475 (19S0).
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Stimulated Emission from Microspheres

Richard K. Chang

Yale University

Department of Applied Physics and Center for Laser Diagnostics

New Haven, Connecticut 06520-2157, USA

The intensity thresholds for stimulated emission [such as lasing, stimulated

Raman scattering (SRS), and stimulated Brillouin scattering (SBS)] in droplets

are because the droplet concentrates the input intensity, provides feedback with

high Q factor, and enhances the gain coefficient. The droplet-cavity resonances are

referred to as morphology-dependent resonances (MDR's) and occur at discrete

frequencies. The MDR's are characterized by the Q, radial mode order, angular

momentum index (n), and azimuthal mode number (m). The MDR Q (in excess

of 107) has been determined by measuring the radiation lifetime of SRS leaking

from the droplet after the 100 ps laser pulse is off.1

For a sphere, each MDR is (2n+l) degenerate. For an axisymmetric spheroid,

perturbation theory2 has shown that the (2n+l)-degenerate MDR of a sphere is

split into (n-fl) separate MDR's. When the distortion is small, the frequency

shifts2 for MDR's with different m's are dependent only on m. By using an in-

terferometer to spectrally resolve the SRS spectrum, the degeneracy-split MDR's

localized near the droplet equatorial plane (where m% n) have been observed from

a flowing droplet that is deformed because of inertial forces.3 For a deformed

droplet that is axisymmetric about the z axis, the z-component of the MDR an-

gular momentum Lt is conserved, and not Lx and Ly. Consequently, MDR's

We gratefully acknowledge the partial support of this research by the U.S. Air

Force Office of Scientific Research (AFOSR Grant No. 91-0150)
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inclined at angle 9 will precess about the z axis. Recently, we have observed 180°

out-of-phase temporal oscillations of SRS from two inclined arcs on one side of

a deformed droplet that is illuminated by a 100 ps laser pulse.4 The precession

frequencies as a function of 6 are proportional to the frequency difference of several

degeneracy-split MDR's that form the cavity modes of a deformed droplet.4

Selective enhancement of SRS of a weaker-gain Raman mode has been

achieved by internally seeding the Raman gain medium with fluorescence photons

emitted by dissolved laser-dye molecules.5 With the dye fluorescence at the Stokes

wavelength of the weaker-gain mode, SRS can build up from the much stronger

fluorescence instead of the weaker spontaneous Raman scattering. Consequently,

the weaker-gain Raman mode can be observed at a much lower input-laser in-

tensity and be more intense than the stronger-gain Raman mode. At high input

intensities, the large Raman gain in a narrow spectral region can deplete the lasing

emission outside this narrow spectral region.

References

1. J.-Z. Zhang, D.H. Leach, and R.K. Chang, Opt.Lett. 13, 270 (1988).

2. H.M. Lai, P.T. Leung, K. Young, P.W. Barber, and S.C. Hill, Phys.Rev.A
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(1991).
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Morphology-Dependent Resonances in Non-Spherical Droplets" (submitted

for publication).
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Modes in Microdroplets: Enhancement of Stimulated Raman Scattering"

(submitted for publication).
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Random Mode Coupling in Microspheres

V.M. Akulin" and G. Kurizki6

aMax-Planck-Institut fiir Quantenoptik, D-8046 Garching, Germany

'Department of Chemical Physics

Weizmann Institute of Science

Rehovot 76100, Israel

We have investigated the spectral properties of light scattering by small di-

electric spheres whose resonant modes are perturbed by disordered static scatteres

placed inside. We show that: (a) A narrow peak in the scattering spectrum, which

is associated with a highly degenerate Mie resonance of a surface mode, can be

broadened into a nearly-semicircular line, (b) Two such adjacent peaks can be-

come overlapping, and the resulting line differs from the linear superposition of

the two lines, (c) The scattering cross-section of a resonant mode can be increased

by several orders of magnitude.



Optical Atoms

J.P. Woerdman

Rijksuniversiteit te Leiden

Phenomena in laser-driven quantum systems can be simulated, up to a sur-

prising degree, by means of classical optics. Dynamic coupling of classical opti-

cal modes allows study of adiabatic following, Zener tunneling, Rabi oscillations,

Autler-Townes doublet splitting, violation of the rotating-wave approximation,

Bloch-Siegert shifts, multi-photon resonances and the Jaynes-Cummings model.

In this context we will review experimental work and focus on new possibilities.
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Electromagnetic Microresonators in 3-Dimensional Photonic Band Structures

Eli Yablonovitch

Bellcore, Red Bank, NJ 07701-7040

There now exist 3-dimensionally periodic dielectric structures which are to

photon waves, as semiconductor crystals are to electron waves. That is, these

photonic crystals have a photonic bandgap, a band of frequencies in which elec-

tromagnetic waves are forbidden, irrespective of propagation direction in space.

Photonic bandgaps provide for spontaneous emission inhibition and allow for a

new class of electromagnetic micro-cavities.

If the perfect 3-dimensional periodicity is broken by a local defect, then local

electromagnetic modes can occur within the forbidden bandgap. The addition

of extra dielectric material locally, inside the photonic crystal, produces "donor"

modes. Conversely, the local removal of dielectric material from the photonic crys-

tal produces "acceptor" modes. It will now be possible to make single-mode, high-

Q, electromagnetic cavities of volume < 1 cubic wavelength, for short wavelengths

at which metallic cavities sire useless. These new dielectric cavities can cover the

range all the way from millimeter waves, down to ultraviolet wavelengths.



Atomic-Beam Interaction with Microresonator Fields

in Photonic Band Structures

B. Sherman, G. Kurizki and A. Kadyshevitch

Department of Chemical Physics

Weizmann Institute of Science

Rehovot 76100, Israel

We consider the quantum electrodynamics cf an atom uniformly moving

through a single spatiaiiy-peiro ic field mode. The periodic modulation of the

field mode can be designed by an appropriate choice of a defect in a periodic

structure that possesses a forbidden spectral band (a "photonic bandgap"). This

periodic modulation gives rise to: (a) velocity-dependent vacuum Rabi splittings,

(b) periodic revivals of the atomic inversion for any initial field state; and (c) can

improve our control over the evolution and properties of nonclassical states of the

field, generated by resonant interaction with the atom.



QUANTUM EFFECTS IN NONLINEAR OPTICS
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Quantum Cryptography: Theory and Practice

Arthur K. Ekert

Merton College and Physics Department

Oxford University

Cryptography has, for a long period of time, been regarded as a part of

mathematics, with computational difficulty as a safeguard of information. Unfor-

tunately, faster computers and better algorithms have step by step cracked the

protection barriers of even the most sophisticated codes. The quest for unbreak-

able cryptosystems had to venture outside mathematics, and surprisingly, towards

quantum physics. Origins of quantum cryptography go back to 1970 when Stephen

Wiesner wrote the first paper on quantum encoding. The paper was rejected by

the journal he sent it to and went unpublished and unnoticed until 19S3. For-

tunately, Charles H. Bennett from IBM Research Division in Yorktown Heights

knew Wiesner well, and it was his involvement that brought Wiesner's ideas back

to life. In 19S4, Bennett together with Gilles Brassard, a cryptologist from the

University of Montreal, proposed the first quantum cryptosystem,1 and in 1990

they proved, by setting up an experimental realisation of their key distribution

scheme, that practical implementations of quantum cryptography are possible.2

Further modifications and an alternative cryptosystem have been subsequently

proposed by Arthur Ekert of Oxford University,3 and the related experimental

work has also been undertaken in Britain by John Rarity and Paul Tapster of

Defence Research Agency in Malvem. It seems that this is only the beginning of

a fascinating exploration of the links between the quantum world and information

and communication theory.

In my talk, I will discuss the overlap between different theoretical and exper-

imental techniques developed independently by research groups working in secure
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communication and quantum physics (see, for example, Ref. 4). In particular

I will present a new method in which the security of the so-called key distribu-

tion and key storing processes in cryptography relies on quantum correlations.

The proposed scheme is based on the Bohm's well known version of the Einstein-

Podolsky-Rosen gedankenezperiment.
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Optical Quantum Non-Demolition Measurements

J.P. Poizat, J.F. Roch, G. Roger and P. Grangier

Institut d'Optique

BP 147 - F91403 Orsay Cedex, France

During recent years, various schemes have been implemented, in order to over-

come the shot-noise limit in optical measurements. One possibility is to measure

the quantum noise of a light beam, using a scheme which evades the "back-action"

noise, which is usually added when a quantum measurement is performed. When

such a "quantum non-demolition" (QND) measurement is achieved, the measured

quantity (e.g., the intensity) is kept unperturbed, and the measurement noise ap-

pears on the other quadrature component of the beam (e.g., the phase). Several

QND schemes have been demonstrated experimentally, using either solid-state112

or atomic non-linear media3. We will present an analysis of the QND properties

of a new scheme employing coherently driven three-level atoms in the lambda or

ladder configuration inside an optical cavity. If a strong signal field is used to dress

the signal transition levels in a lambda configuration, optical pumping will empty

this transition and the atoms will become transparent for this beam (transition

without population or "ghost transition"). When a probe beam is applied and

tuned to the vicinity of one of the light-shifted levels of the ghost transition, its

phase is extremely sensitive to fluctuations of the signal intensity. This improves

the QND coupling and enables the system to operate at lower cooperativities.

Recent experimental results obtained using this technique will be discussed.
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Experimental Observation of a Quantum Eraser

Paul Kwait, Aephraim Steinberg, and Raymong Chiao

Department of Physics, U.C. Berkeley

Using a setup similar to one previously employed to demnonstrate a viola-

tion of Bell's inequalities1 we have observed experimentally an effect known as a

quantum eraser.2 In this effect, an interfering system is first rendered incoherent

by making the alternate Feynman paths which contribute to the overall process

distinguishable; with our apparatus this is achieved by placing a half waveplate in

one arm of a Hong-Ou-Mandel interferometer so as to rotate the polarizaiton of

the light in that army by 90". This adds information to the system, in that polar-

ization is a new parameter which serves to label the direciton from which a given

photon comes, even after a recombining beam splitter. The quantum "eraser"

removes this information from the state vector, after the output port of the inter-

ferometer, but in time to cause interference effects to reappear upon coincidence

detection. For this purpose, we use two polarizers in front of our detectors. We

present preliminary experimental results showing how the degree of erasure (which

determines the visibility of the interference) depends on the relative orientaiton

of the polarizers, along with theoretical curves. In addition, we show how this

procedure may do more than merely erase, in that the act of "pasting together"

two previously distinguishable paths can introduce a new relative phase between

them.

References

1. Ou, Z.Y. and L. Mandel, Phys.Rev.Lett. £1, 50 (19SS): Shih, Y.H. and CO.

Alley, Phys.Rev.Lett. £1, 2921 (19SS).

2. Hillery, M. and M.O. Scully, in Quantum Optics, Experimental Gravitation,

and Measurement Theory, edited by Meystre and Scully (X.Y.: Plenum

Press, 1983), p. 65.

3. Scully, M.O., B.-G. Englert, and H. Walther, Nature Sal, 111 (5.9.91).

- 35 -



Spatial Solitons in Quantum Nonlinear Optics

Raymond Y. Chiao and Ivan H. Deutsch

Department of Physics, University of California, Berkeley, CA 94720,USA

Alkali vapors excited by light near resonance are known to possess very large

nonlinear optical coefficients nj, which can have either sign depending on the sign

of the detuning. Spatial solitons in a Fabry-Perot resonator filled with such vapors

can result from these nonlinearities. The nonlinear Schrodinger equation (NLS)

obeyed by these solitons is formally equivalent to a r.onrelativistic many-body field

theory, in which photons behave like nonrelativistic bosons with pairwise interac-

tions. When n2 is positive, these interactions are attractive; when n2 is negative,

they are repulsive. With n2 positive, it is predicted that a self-trapped, ID spatial

soliton (the hyperbolic secant solution to the ID XLS) should be observable, and

we plan to perform soliton-soliton collision experiments with such solitons. At the

quantum level, the light inside such a soliton should be self-squeezed, and we plan

to observe this using the Snirasakai-Haus method. The possibility of observing

the two-photon bound state, the diphoton, will be explored. With n2 negative,

a ID spatial dark soliton with antibunching of photons should result. Moreover,

with n2 negative, a 2D vortex soliton should form, and we plan to examine the

dynamics of these photonic vortices at both classical and quantum levels. The pos-

sibility that these vortices obeyt anyonic statistics will be explored. These optical

systems thus constitute an experimentally accessible arena in which many-body

phenomena analogous to those in condensed matter physics, especially topological

ones, such as the Kosterlitz-Thouless phase transition, superfluidity, and anyonic

statistics, may be observed.
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Quantum Propagation of Light in a Kerr Medium

I. Abram

Centre National d'Etudes des Telecommunications

196, Avenue Henri Ravera

F-92220 Bagneux, FRANCE

We develop a traveling-wave formulation of the theory of Quantum Optics

and apply it to the treatment of the Self-Phase Modulation of a short coherent

pulse of light. This theory successfully describes the nonlinear chirp that the

pulse undergoes in the course of its propagation and permits the calculation of the

squeezing characteristics of Self-Phase Modulation.



Entangled Coherent States

Barry C. Sanders

School of Mathematics, Physics, Computing and Electronics

Macquarie University, New South Wales 2109, Australia

A coherent light field is passed through a nonlinear interferometer and the

output state is a superposition of two spatially-separated coherent fields. This

entanglement of two coherent states is shown to produce a violation of Bell's

inequality and thus facilitates a test of local realism. In contradistinction to some

previous optical schemes which test local realism, the initial state used here is

essentially a classical field. The nonlinearity itself is responsible for generating the

nonclassical state.
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Quantum Description of Light Propagating

in Directional and Contradirectional Couplers

Y. Ben-Aryeh

Physics Department, Technion-Israel Institute of Technology

Haifa 32000, Israel

Classical solutions for the propagation of electromagnetic (e.m.) radiation

in periodic layered medium have been studied extensively1'2. However, a quan-

tum description of light propagation in such periodic structures is quite problem-

atic, especially for dispersive media and for contradirectional propagation in linear

couplers3. It has been suggested in previous works4"7 to analyze quantum effects

of light propagation by the use of the momentum operator, in pseudo-Euclidean

three-dimensional space. The basic idea is to replace in the quantization proce-

dure one of the space coordinates (e.g. z) by time. The relation between this

procedure and the energy-momentum tensor was analyzed5'6. Also the use of

equal-space commutators was found to be connected with equal-space generalized

Poisson brackets, which formalize canonically Maxwell equations in a three dimen-

sional pseudo-Euclidean space8. We apply in the present work this formalism to

describe quantum effects for light propagating in directional and contradirectional

couplers.

In the coupled-mode theory1 the periodic variation of the dielectric tensor

in the 2-direction is considered as a perturbation that couples the unperturbed

normal modes of the structure. The unperturbed quantum mechanical modes are

given as the usual spatial modes in the i and y directions but instead of using the

spatial modes in the z direction we use temporal modes. The coupling between

the modes is developed with the propagation distance z according to an equa-

tion of motion using a momentum operator. This quantum mechanical approach
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leads to coupled-mode equations which are in a complete analogy with the clas-

sical equations. However, the use of this procedure enables us to study photon

statistics effects for light propagation in a periodic structure. For codirectional

and contradirectional couplers the photon statistics is related, respectively, to the

groups SU(2) and SU(1,1). For lossless contradirectional couplers correlations are

introduced between the beams propagating in opposite directions. The relation

between these correlations and squeezed states is discussed.
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Squeezed Solitons

R.M. Shelby, IBM Research Division

and M. Rosenbluh, Bar-Ilan University

The propagation of solitons in optical fibers yields short pulses with squeezed

quantum noise. Thermal refractive-index noise from guided acoustic waves and

Raman scattering limit the noise reduction. Experimental results are compared

with calculations.
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