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          ICSSUR’05 PROGRAM   
 

Sunday, May 1st  
 
   4.00 p.m. - 7:00 p.m. 

Registration (Room “Colard”) 
Chairman: Isabelle Coutrot 

 
Monday, May 2nd 

 
8:30 a.m. –10:00 a.m. 

Registration (Room “Colard”) 
Chairman: Isabelle Coutrot 

 
 Room "Petit Kursaal"  Room “Proudhon” 
 

10:00 a.m. – 10:30 a.m. 
 
 
 

 
Welcome Opening Session: 
 
Sonia Clairemidi, president of Société Française 
des Microtechniques et de Chronométrie 
Michel Planat, convenor of ICSSUR’05 
Young Kim, founder of the ICSSUR series 
Elisabeth Giacobino, Director of Research at the 
French Ministry of  Education and Research 
Françoise Bévalot, President of Franche-Comté 
University 
Jean-Louis Fousseret, Mayor of the city  
of Besançon   
 

  
 

10:30 a.m.– 11:00 a.m. Coffee Break 

 
 

11:00 a.m.– 11:30 a.m. 
 
 
 

11:30 a.m.– 12:00 a.m. 
 
 

 
Plenary session:  
Chairman: Luigi Lugiato 
 
I   89   
Roy Glauber 
Harvard University, Cambridge, USA 
 
I 90. Optimal realization of “forbidden” 
quantum processes 
 Francesco de Martini 
Università di Roma “La Sapienza”, Roma, Italy 
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12:00 a.m. – 2:00 p.m. Lunch 

 
 Room "Petit Kursaal"  Room “Proudhon” 

 
 
 
 

2:00 p.m. – 2:30 p.m. 
 
 
 
 
 
 
 
 
 

2:30 p.m. – 3:00 p.m. 
 
 
 
 
 

3:00 p.m. – 3:20 p.m. 
 
 
 
 
 
 

3:20 p.m. – 3:40 p.m. 
 
 
 
 
 

3:40 p.m. – 4:00 p.m. 
 
 
. 

 
Session 2A / Quantum states, gen. & control: 
Chairman : Aephraim Steinberg 
 
I 88. Multi-photon entanglement for quantum 
communication 
N. Kiesel1, M. Eibl1, S. Gaertner1, J. Lau1, C. 
Schmidt1, U. Weber1, M. Bourennane2, C. 
Kurtsiefer3 and H. Weinfurter1 
1 Max-Planck Inst. Für Quantenoptik, Garching 
2 Dept LPMO, Stockholm Univ. , Sweden 
3 Phys. Dept, Nat. Univ. of Singapore 
 
I 87. Extremal properties of Gaussian states 
and Gaussian operations 
Michael M. Wolf 
Max-Planck-Institute for Quantum Optics, 
Garching, Germany  
 
O 31. Nonlocality of continuous variable 
systems in the presence of noise 
Stefano Olivares and Matteo G. A. Paris 
Universita degli Studi di Milano and INFM, 
Milano, Italy 
 
O 36. Deviations from a gaussian state for the 
output of a degenerate below threshold OPO 
A.Porzio1, V.D’Auria1, S.Solimeno1 and 
M.G.A.Paris2 

1Univ. ”Federico II” Napoli, Napoli, Italy 
2Università di Milano, Milano, Italy 
 
O 46. An adiabatic geometrical model of 
quantum mechanics adapted to dynamical 
quantum control 

 
 
 
 
 
 
 
2:00 p.m. – 2:30 p.m. 
 
 
 
 
 
 
 
2:30 p.m. – 3:00 p.m. 
 
 
 
 
 
3:00 p.m. – 3:20 p.m. 
 
 
 
 
 
3:20 p.m. – 3:40 p.m.  
 
 
 
 
 
3:40 p.m. – 4:00 p.m.  
 

 
Session 3A / Group representations 
 
Chairman: Jean-Pierre Gazeau 
 
 
I 32. Representation theory and Wigner-Racah 
algebra of the group SU(2) in a noncanonical 
basis 
M. R. Kibler 
Institut de Physique Nucléaire de Lyon, 
Villeurbanne, France 
 
 
I 18. Intelligent polynomial states 
Hubert de Guise and Matthew M. Milks 
Department of Physics, Lakehead University, 
Thunder Bay, Canada 
 
0 11. 4-Vector field and indefinite metrics 
Valeri V. Dvoeglazov 
Universidad de Zacatecas, Zacatecas, Mexico. 
 
 
I 47. Discrete and continuous tomographic 
representations in signal analysis 
Margarita A. Man’ko 
P.N.Lebedev Physical Institute, Moscow, Russia 
 
 
I 86. Finite systems on phase space 
Kurt Bernardo Wolf 
Universidad Nacional Autonoma de Mexico 
Cuernavaca, Morelos, Mexico. 
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David Viennot1, Georges Jolicard1, and John 
Killingbeck1,2 
1Observatoire de Besançon, Besançon, France 
2University of Hull, Hull, UK 

 Room “Risset”  
 
 
 
 
 
 

2:00 p.m. – 2:30 p.m.

2:30 p.m. – 3:00 p.m.

3:00 p.m. – 3:20 p.m.

3:20 p.m. – 3:40 p.m.  

3:40 p.m. – 4:00 p.m.  
 

 
Session 1A / Squeezed states, theory 
 
Chairman: Young Kim 

 
I 27. Estimation of squeezed state 
Masahito Hayashi 
ERATO, Quantum Computation and Information Project, Tokyo, 
Japan 
 
I 56. Time-energy uncertainty relation and relativity 
Serge Reynaud1 and Marc-Thierry Jackel2 
1 Laboratoire Kastler Brossel, Paris, France  
2 Laboratoire de Physique Théorique, Paris, France 

 
O 23. Purity-bounded position-momentum uncertainty relations 
for multidimensional case 
Mikalai Karelin 
B.I. Stepanov Institute of Physics, Minsk, Belarus 

 
O 4. Squeezed states and non equilibrium phase transitions 
Bindu A.Bambah1, C. Mukku2, and M.V.Shiv Chaitanya1 

1University of Hyderabad, Hyderabad, India 
2Panjab University, Chandigarh, India 

 
I 65. Thermal squeezed states 
Allan Solomon 
Université de Paris VI, France and Open University, United Kingdom
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4:00 p.m. – 4:30 p.m. Coffee Break 
 
 
 
 
 
 

4:30 p.m. – 5:00 p.m. 
 
 
 
 
 
 
 
 
 
 

5:00 p.m. – 5:30 p.m. 
 
 
 
 
 
 
 
 
 

5:30 p.m. – 5:50 p.m. 
 
 
 
 
 
 
 
 

5:50 p.m. – 6:10 p.m. 
 

 
Session 2B / Quantum state generation & 
entanglement 
Chairman : Ulf Leonhardt 
 
I 73. Measuring and modifying the quantum 
evolution of photonic and atomic systems 
A. M. Steinberg1, Morgan Mitchell2, Stefan 
Myrskog1, Jeff Lundeen1, 
Jalani Fox1, Samansa Maneshi1, Rob Adamson1, 
and Krister Shalm1 
1Department of Physics, Toronto, CANADA 
2ICFO – Institut de Ciencies Fotoniques, 
Barcelona, SPAIN 
 
I 16. Characterization and optimization of 
entangled states produced by a self-phase-
locked OPO 
J. Laurat1, T. Coudreau1,2, G. Keller1, J.-A. 
Oliveira-Huguenin1, N. Treps1, and C. Fabre1 
1Laboratoire Kastler Brossel, Paris, France 
2Laboratoire Matériaux et Phénomènes 
Quantiques, Paris, France 
 
O 24. QED of lossy cavities: input-output 
relations and quantum-state extraction 
M. Khanbekyan1, L. Knoll1, D.-G. Welsch1, A.A. 
Semenov2,3, and W. Vogel2 

1Friedrich-Schiller-Universität Jena, Jena, 
Germany 
2Universität Rostock, Rostock, Germany 
3Institute of Physics, Kiev, Ukraine 
 

O 40. Replacement schemes for the 
description of lossy cavities 
A.A. Semenov1,2, M. Khanbekyan3, L. Knöll3, W. 

 
 
 
 
 
 
 
4:30 p.m. – 5:00 p.m. 
 
 
 
 
 
 
 
 
5:00 p.m. – 5:30 p.m. 
 
 
 
 
5:30 p.m. – 6:00 p.m. 
 
 
 
 
 
 
 
 
 
 
 
6:00 p.m. – 6:30 p.m. 
 
 
 
 

 
Session 3B/ Group representations 
 
Chairman: Vladimir & Margarita  Man’ko 
 
 
I 30. Quantizing the optical phase space Sϕ,I = {ϕ 
mod 2π, I > 0} in terms of the group SO↑(1, 2) 
Hans A. Kastrup 
DESY Hamburg, Hamburg, Germany 
 
 
 
 
 
I 34. Optics after Einstein 
Y. S. Kim 
Department of Physics, Maryland, U.S.A. 
 
 
I 81. Phase space for modes in multimode systems 
and its applications to entanglement 
A. Vourdas 
Department of computing, Bradford, United 
Kingdom 
 
 
 
 
 
 
I 66. Analogue Quantum Computing 
Donald Spector 
Department of Physics, Geneva, New York, USA 
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6:10 p.m. - 6:30 p.m. 
 

Vogel2, and D.-G. Welsch3 

1Universit¨at Rostock, Rostock, Germany 
2Institute of Physics, Kiev, Ukraine 
3Friedrich-Schiller-Universit¨at Jena, Jena, 
Germany 
 

 
 
O 14. Vacuum induced Stark shifts for 
quantum logic using a collective system in a 
high quality dispersive cavity 
Aurel Gabris1 and Girish S. Agarwal2,3 

1Research Institute of Solid State Physics and 
Optics, Budapest, Hungary 
2Oklahoma State University, Stillwater, OK, 
USA 
3Physical Research Laboratory, Ahmedabad, 
India 
 

 
 
 
 
 
 
 
 

 
 
 
 
 

7:00 p.m. Reception City Hall 
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Tuesday, May 3rd  

 Room "Petit Kursaal"  Room «  Proudhon » 

 
 
 

8:15 a.m. –8:45 a.m. 
 
 
 
 
 
 

8:45 a.m. – 9:15 a.m. 
 
 
 
 
 
 
 
 

9:15 a.m. –9:45 a.m. 
 
 
 
 
 

9:45 a.m. – 10:15 a.m. 

Session 1B / Squeezed states & angular momentum 
 
Chairman : Han Woerdman 
 
I 5. The angular uncertainty relation 
Stephen Barnett1, David T. Pegg2, Sonja Franke-Arnold1, 
Roberta Zambrini1, Eric Yao3 and Miles Padgett3 
1Department of Physics, Glasgow, Scotland 
2School of Science and Technology, Brisbane, Australia 
3Department of Phys. and Astronomy, Glasgow, Scotland
 
I 52. Uncertainty relation for the angular momentum 
of light: experimental observations 
Eric Yao, Sonja Franke-Arnold, Stephen Barnett and 
Miles Padgett 
Department of Phys. and Astr., Glasgow, Scotland 
Department of Physics, Glasgow, Scotland 
 
 
 
O 16. Violation of a local angular uncertainty relation 
Jorg Gotte, Sonja-Franke Arnold, and Stephen M Barnett 
University of Strathclyde, Glasgow, United Kingdom 
 
 
I 49. Uncertainty relations and entanglement in 
probability representation of quantum states 
Vladimir I. Man’ko 
P.N.Lebedev Physical Institute, Moscow, Russia 
 
 
 
 
 
 
 

8:15 a.m. – 8:45 a.m.

8:45 a.m. – 9:15 a.m.
 

9:15 a.m. –9:35 a.m.

9:35 a.m. –9:55 a.m.

9:55 a.m. – 10:15 a.m.

Session 6A/ Quantum like mesoscopic systems 
 
Chairman: Gershon Kurizki 
 
I 84. Casimir force acting on bodies in media: 
Why textbooks are wrong 
Dirk-Gunnar Welsch and Christian Raabe 
Theoretisch-Physikalisches Institut, Jena, 
Germany 
 
 
I 20. Josephson junction arrays and topological 
quantum computation 
B. Douçot 
LPTHE, Paris Cedex 05, France 
 
0 25. Transfer of entanglement in distant 
SQUID rings 
A. Konstadopoulou1, Z.Ahmad Zukarnain1, R. 
Migliore2, A. Vourdas1 and A. Messina2 

1University of Bradford, Bradford, UK 
2Dipartmento di Scienze Fisiche ed Astronomiche, 
Palermo, Italy 
 
O 8. Cavity field mesoscopic superposition 
states: generation and decoherence in a 
strongly driven micromaser 
F. Casagrande, A. Lulli 
Universita di Milano, Milano, Italy 
 
O 22. Quantum effects of coherence and 
symmetry breaking for magnetic-dipolar 
modes in thin-film ferrite disks 
E.O. Kamenetskii 
Ben Gurion University of the Negev, Beer Sheva, 
Israel 

10:15 a.m. – 10:45 a.m Coffee Break 



                  

 
7 

 
 
 
 
 
 

10:45 a.m. – 11:15 a.m.
 
 
 
 
 
 
 

11:15 a.m. – 11:45 a.m.
 
 
 

11:45 a.m. – 12:05 a.m.
 
 
 
 
 
 
 
 
 

12:05 a.m. – 12:25 a.m.
 
 
 
 
 
 
 

12:25 a.m. – 12:45 p.m.
 
 

 
Session1C / Squeezed states & experiments 
 
Chairman: Gerd Leuchs 
 
I 19. Nonstationary Casimir effect and generation of 
squeezed states of photons in cavities with moving 
boundaries 
Victor V. Dodonov1,Alexandre V. Dodonov2, and Mauro 
A. Andreata2 
1Universidade de Brasilia ,Brasilia,  Brasil 
2Universidade Federal de Sao Carlos Sao Carlos, Brasil 
 
O 18. Efficient polarization squeezing in optical fibers
J. Heersink, V. Josse, G. Leuchs, and U.L. Andersen 
Universität Erlangen–Nürnberg, Erlangen, Germany 
 
O 32. Nonclassical-light generation in a photonic-
band-gap nonlinear planar waveguide 
Jan Perina, Jr.1, Concita Sibilia2, Daniela Tricca2, Marco 
Centini2, and Mario Bertolotti2 

1Joint Laboratory of Optics of Palacky University and 
Institute of Physics of Academy of Sciences of the Czech 
Republic, Olomouc, Czech Republic 
2Universita La Sapienza di Roma, Roma, Italy 
 
 
O 42. Generation of squeezed vacuum states at 946nm
Takao Aoki1,2, Go Takahashi1, and Akira Furusawa1,2 
1University of Tokyo, Tokyo, Japan 
2CREST, Japan Science and Technology (JST) Agency, 
Tokyo, Japan 
 
 
O 27. Squeezing through self induced transparency in 
a microstructured hollow core fibre 
Christoph Marquardt, Ulrik Andersen, and Gerd Leuchs 
Universitat Erlangen-Nurnberg, Erlangen, Germany 

 
 
 

10:45 a.m. – 11:15 a.m.
 

 
11:15 a.m. – 11:45 a.m. 

 

11:45 a.m. – 12:05 a.m.

12:05 a.m. – 12:25 a.m.

12:25 a.m. – 12:45 p.m

 
Session 6 B/ Quantum like mesoscopic systems 
 
Chairman: Luiz Davidovich 
 
I 17. Quantum-classical transition in phase 
space 
L. Davidovich, F. Toscano, and R.L. de Matos 
Fliho 
Instituto de Fisica, Rio de Janeiro, Brazil 
 
I 14. Entanglement and decoherence in spin 
gases 
Hans J. Briegel 
Institut fur Theoretische Physik, Innsbruck, 
Austria 
 
O 38. Towards quantum correlated polariton 
modes in semiconductor microcavities 
M. Romanelli, J.-Ph. Karr, C. Leyder, A. Bramati 
and E. Giacobino 
Laboratoire Kastler Brossel, France 
 
O 19. Highly efficient generation of triggered 
single photons by colloïdal CdSe/ZnS 
nanocrystals 
X. Brokmann1, L. Coolen1, E. Giacobino1, M. 
Dahan1, and J.P. Hermier1,2 

1Laboratoire Kastler Brossel, Paris, France 
2Laboratoire Matériaux et Phénomènes 
Quantiques, Paris, France 
 
0 9. Low-temperature coherence-time 
measurements for CdSe colloidal nanocrystals 
L. Coolen1, X. Brokmann1, E. Giacobino1, M. 
Dahan1, and J.P. Hermier1,2 

1Laboratoire Kastler Brossel, Paris, France. 
2Laboratoire Matériaux et Phénomènes 
Quantiques, Paris, France 
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12:45 p.m. – 2:45 p.m. Lunch 
 
 Room "Petit Kursaal"  Room Proudhon 
 

 
 
 
 
 

2:45 p.m. – 3:15 p.m. 
 
 
 
 
 
 
 

3:15 p.m. – 3:45 p.m. 
 
 
 
 
 

3:45 p.m. – 4:05 p.m. 
 
 
 
 
 
 

4:05 p.m. – 4:25 p.m. 
 

 
 

4:25 p.m. – 4:45 p.m. 

.

 
Session 10 A / Quantum information & communication
 
Chairman: Peter Knight 
 
I 4. Quantum communication over collectively 
depolarizing channels 
K. Banaszek1, J. L. Ball2, A. Dragan3, W. Wasilewski3, 
and C. Radzewicz3 
1Nicolaus Copernicus University, Torun, Poland 
2Clarendon Laboratory, Oxford, United Kingdom 
3Warsaw University, Warszawa, Poland 
 
I 74. Quantum Information Interfaces 
Sébastien Tanzilli1;2, Wolfgang Tittel1, Hugo Zbinden1, 
Olivier Alibart2, Pascal Baldi2, and Nicolas Gisin1 
1Group of Applied Physics, University of  Geneva, 
Switzerland 
2LPMC, Nice, France 
 
I 10. Quantum communication using spin chains: 
from imperfect to perfect and more 
Sougato Bose1, Daniel Burgarth1, Vittorio Giovannetti2, 
Benoit Vaucher1 
1Department of Physics and Astronomy, London, UK 
2NEST-INFM and Scuola Normale Superiore, Pisa, Italy.
 
I 13. Quantum circuit for entangling probe 
Howard. E. Brandt 
U.S. Army Research Laboratory, Adelphi, USA 
 
0 21. Quantum Register Optics 
George Jaroszkiewicz and Jason Ridgway-Taylor 
University of Nottingham, Nottingham, UK 
 

 
 
 
 
 
 

2:45 p.m. – 3:15 p.m.
 
 
 
 

3:15 p.m. – 3:45 p.m.
 
 
 
 
 
 

3:45 p.m. – 4:05 p.m.
 
 
 
 
 
 
 

4:05 p.m. – 4:25 p.m.
 
 
 
 
 
 
 

4:25 p.m. – 4:45 p.m.

 

 
Session 1D / Squeezed  spin states 
 
Chairman: Agnès Maître 
 
I 8.Uncertainty, information and entropy 
Gunnar Bjork and Piero G. L. Mana 
Laboratory of Quantum Electronics and Quantum 
Optics (QEO), Stockholm, Sweden 
 
I 68. Continuous Measurement and Feedback 
Control of Collective Atomic Spin States 
John K. Stockton, JM Geremia, Ramon van Handel, 
and Hideo Mabuchi 
Department of Physics and Control & Dynamical 
Systems, Pasadena,  USA 
 
O 12. Conditions for spin squeezing in a cold 
87Rb ensemble 
S. R. de Echaniz1, M. Kubasik1, H. Crepaz1, M. W. 
Mitchell1, J. Eschner1, and E. S. Polzik2 

1Institut de Ciencies Fotoniques, Barcelona, Spain 
2Niels Bohr Institute, Copenhagen, Denmark 
 
O 30. Squeezed spin states and pseudo-hermitian 
operators 
N. Nayak1, R.N. Deb2, and B. Dutta-Roy1 
1S.N. Bose National Centre for Basic Sciences, 
Kolkata, India 
2Darjeeling Government College, Darjeeling, India 
 
I 64. Squeezing in multivariate spin systems 
Swarnamama Sirsi 
Department of Physics, Mysore, India 
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Room "Risset"  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

2:45 p.m. – 3:15 p.m.

3:15 p.m. – 3:45 p.m.

3:45 p.m. – 4:15 p.m.

4:15 p.m. – 4:45 p.m.

 

 
Session 11A / Quantum noise & 1/f noise 
 
Chairman : Vincent Giordano 

 
 

I 11. Maser oscillation from electronic spin resonance in a 
cryogenic sapphire frequency standard 
P.Y.Bourgeois1,3 M.Oxborrow2, Y.Kersale3, N.Bazin3 and 
V.Giordano3 
1Department of Physics,  Crawley, Australia, 
2Centre for Basic, Thermal and Length Metrology, Teddington, 
United Kingdom 
3Institut FEMTO-ST,  Besançon, France 

 
I 26. Quantum 1/f Noise and Quantum 1/f Phase Noise 
Related to the Uncertainty Relations 
Adam G. Tournier and Peter H. Handel  
Department of Physics and Astronomy, St. Louis , USA 

 
I 23. Quantum 1/f Effect Based on Quantum Information 
Theory 
Thomas F. George1 and Peter H. Handel2 
1Departments of Physics & Astronomy and Chemistry & 
Biochemistry St. Louis, USA 
2Department of Physics and Astronomy, Univ. of Missouri-St. 
Louis, St. Louis, USA  

 
I 12. Image formation using quantum-entangled photons 
Robert W. Boyd1,2, Malcolm N. O’Sullivan-Hale1, Irfan Ali 
Khan2, and John C. Howell2 
1The Institute of Optics, University of Rochester, NY, USA 
2Department of Physics and Astronomy,  University of 
Rochester, USA 
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 Room "Grand Kursaal" 
4:45 p.m. – 6:30 p.m.  

Poster session 1 
 
Chairman: Michel Planat 
 
P 1. Optimal use of mutipartite entanglement for continuous variable teleportation 
G. Adesso 
Universita di Salerno, Baronissi, Italy 
P 2. Effect of the dipole interaction in the entanglement of two atoms with a mixed state field 
L.S. Aguiar, P.P. Munhoz, A. Vidiella-Barranco, and J.A. Roversi 
Universidade Estadual de Campinas, Campinas, Brazil 
P 3. Operational measurements and quantum tomography for light in SU(3) polarization states 
A.P. Alodjants, A.Yu. Leksin, and S.M. Arakelian 
Vladimir State University, Vladimir, Russia 
P 4. Quantum control of photon correlations in type II parametric down-conversion 
R. Andrews1, A.T. Joseph1, E.R. Pike2, and Sarben Sarkar2 
1The University of the West Indies, St. Augustine, Trinidad and Tobago 
2King's college London, London, UK. 
P 5. Nonlinear squeezed states for SU(1,1) Lie algebra 
A.-S.F. Obada and G.M. Abd Al-Kader 
Faculty of Science Al-Azhar University, Cairo, Egypt 
P 6. Correlations and squeezing properties of an output of a symmetrically pumped bilayer system 
I.V. Babushkin and N.A. Loiko 
Academy of Sciences of Belarus, Minsk, Belarus 
P 7. Optimal estimation of mixed qubit states 
Emilio Bagan and Ramon Munoz-Tapia 
Universitat Autonoma Barcelona, Bellaterra, Spain 
P 8. Experimental quantum copying with linear optics 
Antonın Cernoch1, Jan Soubusta2, Jaromır Fiurasek1, and Miloslav Dusek1 

1Palacky University, Olomouc, Czech Republic 
2Joint Laboratory of Optics of Palacky University and Institute of Physics of Academy of Sciences 
of the Czech Republic, Olomouc, Czech Republic 
P 9. An algebraic approach to linear-optical schemes for deterministic quantum computing 
P. Aniello1,2 and R. Coen Cagli1 
1Universita di Napoli 'Federico II', Napoli, Italy 
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2Istituto Nazionale di Fisica Nucleare, Napoli, Italy 
P 10. Elimination of mode coupling in multi-mode continuous-variable key distribution 
Radim Filip, L. Mista, and P. Marek 
Palacky University, Olomouc, Czech Republic 
P 11. Conditional generation of arbitrary quantum states of light by repeated photon subtraction 
Jaromir Fiurasek1, Raul Garca-Patron2, and Nicolas J. Cerf2 

1Palacky University, Olomouc, Czech Republic 
2Université Libre de Bruxelles, Brussels, Belgium 
P 12. Manipulation and Characterization of Squeezed Light from Optical Parametric Amplifiers 
Boris Hage, Simon Chelkowski, Alexander Franzen, Nico Lastzka, Henning Vahlbruch, Karsten Danzmann, and Roman Schnabel 
Max-Planck-Institut für Gravitationsphysik (Albert-Einstein-Institut), Hannover, Germany 
P 13. Harmonic oscillator in a broadband squeezed vacuum without rotating wave approximation 
S. S. Hassan1 and A. Joshi2 

1University of Bahrain, Bahrain 
2University of Arkansas, Fayetteville, AR, USA 
P 14. Complementarity in n  m-dimensional bipartite systems 
Matthias Jakob1 and Janos A. Bergou2 

1ARC Seibersdorf Research GmbH (ARCS), Vienna, Austria 
2Hunter College, City University of New York, New York, USA 
P 15. Wave particle duality and internal-translational entanglement 
Michal Kolar1, Tomas Opatrny1, Nir Bar-Gill2, and Gershon Kurizki2 
1Palacky University, Olomouc, Czech Republic 
2Weizmann Institute of Science, Rehovot, Israel 
P 16. Scalar quantum mechanics in (counter)examples 
Jan Kotulek 
Silesian University at Opava, Opava, Czech Republic 
P 17. On the effect of the Doppler-Rabi oscillation in micromaser experiments 
A.V. Kozlovskii 
P.N. Lebedev Physical Institute, Moscow, Russia 
P 18. Simultaneous Squeezing of Two Orthogonal Spin Components 
Hari Prakash1,2 and Rakesh Kumar1,3 

1University of Allahabad, Allahabad, India 
2M. N. Saha Centre of Space Studies, Allahabad, India 
3Udai Pratap Autonomous College, Varanasi, India 
P 19. A semiclassical paradigm for “quantum beats” 
A. F. Kracklauer 
Bauhaus Universität, Weimar, Germany 
P 20. (Anti)commutativity of the creation and annihilation operators 
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S. Kuwata and A. Marumoto 
Hiroshima City University, Hiroshima, Japan 
P 21. Dynamical squeezing and higher-order squeezing in wave packet propagation in a Kerr-like medium 
C. Sudheesh, S. Lakshmibala, and V. Balakrishnan 
Indian Institute of Technology Madras, Chennai, India 
P 22. A local realistic theory for the Einstein-Podolsky-Rosen-Bohm and Greenberger-Horne-Zeilinger experiments  
Boon Leong Lan  
Monash University, Selangor, Malaysia  
P 23. Phase Sensitive Parametric Image Amplification at Low-Frequency Pumping 
Eugene Makeev and Anatoly Chirkin 
M.V. Lomonosov Moscow State University, Moscow, Russia 
P 24. Beyond the universal quantum cloner: Experimental realization of the reversion process and the 1->3 phase covariant 
cloning 
F. Sciarrino, V. Secondi and F. de Martini 
Universita di Roma La Sapienza, Roma, Italy 
 
 

 
 Room "Grand Kursaal" 
6:30 p.m. – 8:00 p.m. Social program 

 
 Room "Petit Kursaal" 
8:30 p.m. – 10:30 p.m. 
 
 
 

World Year of Physics Conference 
 
Chairman: Sonia Clairemidi 
 
Albert Einstein engagé dans son siècle 
Jean-Marie Vigoureux 
Université de Besançon 
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Wednesday, May 4th  
 

 Room "Petit Kursaal"  Room Proudhon 

 
 

8:15 a.m. –8:45 a.m. 
 
 
 
 
 

8:45 a.m. – 9:15 a.m. 
 
 
 
 
 

9:15 a.m. –9:45 a.m. 
 
 
 
 
 

9:45 a.m. – 10:15 a.m. 

Session 10 B / Quantum Information 
 
 
Chairman: Akira Furusawa 
 
I 1. Quantum Entanglement from Collective Decay in 
Coherently Driven Atoms 
G.S. Agarwal 
Oklahoma State University, Stillwater, USA 
 
 
I 45. The continuous-variable approach in discrete-
variable quantum optics 
S. A. Babichev, J. Appel, A. I. Lvovsky 
Department of Physics and Astronomy, Calgary, Canada 
 
 
I 69. Engineering NMR-like molecules with trapped 
electrons in vacuum 
Paolo Tombesi 
Department of Physics, Camerino, Italy 
 
 
O 43. Experimental demonstration of quantum 
telecloning 
Hiroki Takahashi1, S. Koike1, Takao Aoki1,2, and Akira 
Furusawa1,2 
1University of Tokyo, Tokyo, Japan 
2CREST, Japan Science and Technology (JST) Agency, 
Tokyo, Japan 
 
 
 

 
8:15 a.m. –8:45 a.m. 

 
 
 
 
 
 
 
 
 

8:45 a.m. – 9:15 a.m. 
 
 
 
 
 

9:15 a.m. –9:45 a.m. 
 
 
 
 
 
 

9:45 a.m. – 10:15 a.m.. 

Session 5A/ Quantum interference &  
entanglement  
 
Chairman : Stephen Barnett 
 
I 85. Entanglement of fractional orbital 
angular momentum 
J. P. Woerdman1, S. S. R. Oemrawsingh1,2, X. 
Ma1, D. Voigt1, A. Aiello1, E. R. Eliel1, and G. 
W. ’t Hooft1,3 
1Huygens Lab., Leiden, The Netherlands 
2Cosine Sc. & Comp., Leiden, The Netherlands 
3Philips Research Laboratories, Eindhoven, The 
Netherlands 
 
I 70. Orbital angular momentum of photons: 
spatial encoding of quantum information 
Juan P. Torres,  G. Molina-Terriza and L. Torner 
ICFO-Institut de Ciencies Fotoniques, Barcelona, 
Spain 
 
I 43. Sideband entanglement of squeezed states 
G. Leuchs1, O. Glöckly1, S. Lorenz, E. 
Huntington2, T. Ralph2 and U.L. Andersen1 
1 Max-Planck Forschungsgruppe, Erlangen, Germany 
2 Centre for Quantum Computer Technology, 
Canberra , Australia 
 
O 17. Direct measurement of photon-number 
statistics and spatial correlations of photon 
twins 
Ondrej Haderka, Jan Perina, Jr., and Martin 
Hamar 
Joint Laboratory of Optics of Palacky University and 
Institute of Physics of Academy of Sciences of the 
Czech Republic, Olomouc, Czech Republic 
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10:15 a.m. – 10:45 a.m. Coffee Break 
 
 
 
 
 
 

10:45 a.m. – 11:15 a.m.
 
 
 
 
 

11:15 a.m. – 11:45 a.m.
 
 
 
 
 

11:45 a.m. – 12:05 a.m.
 
 
 
 
 
 
 
 
 

12:05 a.m. – 12:25 a.m.
 
 
 
 
 
 
 
 
 

12:25 a.m. – 12:45 p.m.
 

 
Session 10 C / Quantum Information & 
Telecommunications 
 
Chairman: Girish Agarwal 
 
I 21. Quantum teleportation and its applications 
Akira Furusawa1,2 
1University of Tokyo, Tokyo, Japan 
2CREST, Tokyo, Japan 
 
I 3. Non classical light sources for quantum 
communications using PPLN waveguides. 
P. Baldi 
Laboratoire de Physique de la Matière Condensée, Nice, 
France  
 
O 29. Quantum teleportation with quantum-
nondemolition interaction 
Ladislav Mista Jr. and Radim Filip 
Palacky University, Olomouc, Czech Republic 
 
 
 
 
 
I 77. Complementarity between work, entanglement 
and reference ability under arbitrary superselection 
rules 
J.A. Vaccaro1;2, F. Anselmi1, H.M. Wiseman1;2 and K. 
Jacobs2 
1Quantum Physics Group, Hatfield,  U.K. 
2Centre for Quantum Computer Technology, 
Queensland, Australia 
 
 
O 41. Decoherence of tripartite states - a trapped ion 
coupled to an optical cavity 

 
 
 
 
 
 

10:45 a.m. – 11:15 a.m. 
 
 
 
 
 

11:15 a.m. – 11:45 a.m. 
 
 
 
 
 

11:45 a.m. – 12:05 a.m. 
 
 
 
 
 
 
 
 
 
 

12:05 a.m. – 12:25 a.m. 
 
 
 
 
 
 
 
 

12:25 a.m. – 12:45 p.m 

 
Session 5B / Quantum interference & 
entanglement 
 
Chairman: Mark Hillery 
 
I 38. Dynamically controlled entanglement and 
decoherence: from qubits to complex systems 
Gershon Kurizki 
The Weizmann Inst. of Sc., Rehovot , Israel 
 
 
I 54. Entanglement Generation with Limited 
Control 
Martin B. Plenio 
Blackett Laboratory, London, UK 
 
O 45. Separability, negativity, concurrence and 
local invariants of symmetric two qubit states 
A.R. Usha Devi1, M.S. Uma1, R. Prabhu1 and 
Sudha2 
1Departement of Physics, Bangalore University, 
Bangalore, India 
2Departement of Physics, Tunga Mahavidyalaya, 
Thirthahalli, India 
 
 
O 44. Detecting entanglement with the 
stabilizer formalism 
Geza Toth1 and Otfried Guhne2 

1Max-Planck-Institut fur Quantenoptik, Garching, 
Germany 
2Institut fur Theoretische Physik, Hannover, 
Germany 
 
O 26. Generation of coincident-frequency 
entangled photons via extended phase 
matching 
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 S. Shelly Sharma, N. K. Sharma, S. A. C. de Oliveira and 
E. de Almeida 
Universidade Estadual de Londrina, Londrina, Brazil 
 
 

Onur Kuzucu, Marco Fiorentino, Marius A. 
Albota, Franco N.C. Wong, and Franz X. Kärtner 
Massachusetts Institute of Technology, 
Cambridge, MA, USA 

 

12:45 p.m. – 2:45 p.m. Lunch 
 

  
3:00 p.m. – 7:00 p.m. Excursion 

 
 

8:00 p.m. Banquet (At the Grand Kursaal). 
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Thursday, May 5th  
 

 Room "Petit Kursaal"  Room Proudhon 
 
 
 
 
 
 

8:15 a.m. –8:45 a.m. 
 
 
 
 
 
 
 
 

8:45 a.m. – 9:15 a.m. 
 
 
 
 
 

9:15 a.m. –9:35 a.m. 
 
 
 
 

9:35 a.m. – 9:55 a.m. 
 
 
 
 
 
 
 
 
 

 
Session 7A/ Foundations of quantum mechanics 
 
Chairman: Herbert Walther 
 
 
I 36. Manipulating Quantum States by Photon 
Subtraction: Vacuum Cleaning 
P L Knight 1, S Daffer1 , M. S. Kim2, E. Park 2  and H. 
Jeong 3 
1 Blackett Laboratory, London, United Kingdom 
2 School of Mathematics and Physics, Belfast, United 
Kingdom 
3 Department of Physics, St Lucia, Australia 
 
I 78. The two-state vector formalism of quantum 
mechanics 
Lev Vaidman 
Department of Physics, Tel-Aviv, Israel 
 
 
I 60. The statistical interpretation of  entanglement" 
B.C. Sanctuary 
McGill University, Montreal, Quebec, Canada 
 
O 15. Nonlocality without inequalities for almost all 
entangled states of any quantum system 
Giancarlo Ghirardi1 and Luca Marinatto2 

 
 
 
 
 
O 49. Quantum correlation transfer using twin beams

 
 
 
 
 
 

8:15 a.m. – 8:45 a.m. 
 
 
 
 
 
 
 
 

8:45 a.m. – 9:15 a.m. 
 
 
 
 
 

9:15 a.m. –9:3 5 a.m. 
 
 
 
 

9:35 a.m. – 9:55 a.m. 
 
 
 
 
 
 
 
 
 

 
Session 5C/ Quantum Interference and 
entanglement 
 
Chairman: Wolfgang Schleich 
 
I 33. Generation of entanglement in continuous 
variables using linear transformations 
M.S. Kim 
School of mathematics and physics, Belfast, 
United Kingdom 
 
 
I 83. New sources and types of photonic 
entanglement 
Gregor Weihs 
Institute for Quantum Computing, Waterloo, 
Canada 
 
O 13. Continuous-variable multipartite 
entablement in linear optics 
Alessandro Ferraro and Matteo G.A. Paris 
Universita di Milano, Milano, Italy 
 
O 6. Sagnac interferometer using a single-
photon source at telecom wavelength 
G. Bertocchi1, O. Alibart1, S. Tanzilli2, D.B. 
Ostrowsky1, and P. Baldi1 
1Laboratoire de Physique de la Matière 
Condensée, Nice, France 
2Université de Genève, Genève, Suisse 
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9:55 a.m. – 10:15 a.m. 
 

Yun Zhang, Kazuhiro Hayasaka, and Katsuyuki Kasai 
National Institute of Information and Communication 
Technology, Kobe, Japan 
 

9:55 a.m. – 10:15 a.m. 
 
 

I 67. Witnessing Entanglement with Second-
Order Interference 
Magdalena Stobinska1, Krzysztof Wodkiewicz1,2 
1Instytut Fizyki Teoretycznej, Warszawa, Poland 
2Department of Physics and Astronomy, 
Albuquerque, USA 
 

10:15 a.m. – 10:45 a.m. Coffee Break 
 
 
 
 
 
 

10:45 a.m. – 11:15 a.m.
 
 
 
 
 
 
 
 
 
 

11:15 a.m. – 11:45 a.m.
 
 
 
 
 
 
 
 
 
 

11:45 a.m. – 12:15 a.m.
 
 
 
 

 
Session 11 B/ Quantum noise  
 
 Chairman : Prem Kumar 
 
 
I 79. Squeezing and fiber-optic communications 
Michael Vasilyev 
Dept. of Electrical Engineering, Arlington, USA 
 
 
 
 
 
 
 
O 39. Squeezed-Light-Enhanced Power- and Signal-
Recycled Michelson Interferometer 
Roman Schnabel, Henning Vahlbruch, Simon 
Chelkowski, Boris Hage, Alexander Franzen, Nico 
Lastzka, and Karsten Danzmann, Max-Planck-Institut 
fur Gravitationsphysik, Universitat Hannover, Hannover, 
Germany 
 
 
 
 
I 51. Operational Uncertainty Relations: Recent 
Development 
Masanao Ozawa 
Tohoku University, Sendai, Japan 

 
 
 
 
 
 

10:45 a.m. – 11:15 a.m. 
 
 
 
 
 
 
 
 
 
 

11:15 a.m. – 11:45 a.m. 
 
 
 
 
 
 
 
 
 
 

11:45 a.m. – 12:15 a.m. 
 
 
 
 

 
Session 10 D/ Quantum information & 
cryptography 
 
Chairman : Paolo Tombesi 
 
I 29. A quantum key distribution system for 
optical fiber networks  
Richard J. Hughes, Nicholas Dallmann, Philip A. 
Hiskett, Kevin P. McCabe, Jane E. Nordholt, 
Charles G. Peterson, Kush Tyagi, and Christopher 
C. Wipf  
Los Alamos National Laboratory, Los Alamos,  
USA  
 
I 39. Continuous variable quantum 
cryptography without measurement switching 
Ping Koy Lam1, Thomas Symul1, Andrew M. 
Lance1, Vikram Sharma1, Nicolai Grosse1, 
Christian Weedbrock1,2, Warwick P. Bowen1 and 
Timothy C. Ralp 2 
1Departement of Physics, Canberra, Australia 
2Department of Physics, Queensland, Australia 
 
I 76. Fiber-optics quantum key distribution 
with single 
photons 
Alexei Trifonov 
MagiQ Technologies, New York, USA 
 
I 55. Atomic quantum memory for light 
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12:15 a.m. – 12:45 a.m.

 
 
 
 

 
O 28. Light-voltage correlations and intensity noise in 
semiconductor lasers 
I. Maurin1, J-P Hermier1, A. Bramati1, E. Giacobino1, I. 
Protsenko2 , Ph. Grangier2 

1Laboratoire Kastler Brossel, Paris, France 
2Institut d'Optique, Orsay, France 

 
12:15 a.m. – 12:45 a.m. 

 
 
 
 
 
 
 

E.S. Polzik 
Niels Bohr Institute, Copenhagen University, 
Denmark 
 

 
Room "Risset" 

 
 
 
 

10:45 a.m. – 11:15 a.m. 
 
 
 
 

11:15 a.m. – 11:45 a.m. 
 
 

 
11:45 a.m. – 12:15 a.m. 

 
 
 
 

12:15 a.m. – 12:45 a.m 

 
Session 10 E  / Quantum information 
 
Chairman:  Alexei Trifonov 
 
 
I 28. Unambiguous discrimination of multipartite states 
Mark Hillery and Jihane Mimih 
Department of Physics,  New York, SA 
 
I 62. Fidelity and adiabaticity of cold-collision quantum 
gates 
Bilha Segev 
Ben Gurion University of the Negev, Beer Sheva, Israel 
 
I 48. Proposal for a Universal Quantum Copying 
Machine in Cavity QED 
M.Orszag, J.Gonzalez, and S.Dagach 
Pontificia Universidad Catolica de Chile, Santiago, Chile 

 
O 50. Stabilizer and shift-resistant quantum codes with 
Josephson systems 
Francesco A. Raffa and Mario Rasetti 
Politecnico di Torino, Torino, Italy 

 
12:45 p.m. – 2:45 p.m. Lunch 
 
 Room "Petit Kursaal"  Room Proudhon 



                  

 
19

 
 
 
 
 
 

2:45 p.m. – 3:15 p.m. 
 
 
 
 

3:15 p.m. – 3:45 p.m. 
 
 
 
 
 
 
 
 
 

3:45 p.m. – 4:05 p.m. 

 
4:05 p.m. – 4:25 p.m. 

 
 
 
 
 
 
 
 

4:25 p.m. – 4:45 p.m. 

 
Session 12 A/ Finite quantum mechanics & number 
theory 
 
Chairman: Apostol Vourdas 
 
I 61. Wave packet dynamics, quantum carpets, and 
factorization of numbers 
Wolfgang Schleich 
Abteilung fur Quantenphysik, Ulm, Germany 
 
I 58. Talbot Effect: Quantum Physics and Number 
Theory 
H.C. Rosu and J.P. Trevino 
Potosinian Institute of Science and Technology, San 
Luis Potosi, Mexico 
 
 
 
 
O 10. Applications of the generalised Pauli group in 
prime, prime power and non-prime dimensions 
 Thomas Durt, 
Free University of Brussels, Brussels, Belgium 
 
 
 
 
I 59. Multicomplementarity and the quantum 
Fourier transform 
Luis L. Sanchez-Soto1, Andrei B. Klimov2 and Hubert 
de Guise3 
1 Departamento de  Optica, Madrid, Spain 
2 Departamento de Fisica, Guadalajara, Jalisco, Mexico
3 Department of Physics, Ontario, Canada  
 
O 35. Galois algebras of squeezed quantum phase 
states 
Michel Planat1 and Metod Saniga2 

 
2:45 p.m. – 3:15 p.m.

 
 
 
 

3:15 p.m. – 3:45 p.m.
 
 
 
 
 
 
 
 
 

3:45 p.m. – 4:05 p.m.

4:05 p.m. – 4:25 p.m.
 
 
 
 
 
 
 
 

4:25 p.m. – 4:45 p.m.

 

 
Session 7 B/ Foundations of quantum mechanics 
 
Chairman: Lev Vaidman 
 
I 25. Quantum limit of measurement and the 
projection postulate 
Shmuel Gurvitz 
Weizmann Institute of Science, Rehovot, Israel 
 
I 22. Coherent states quantization and new 
inequalities for quadratures 
Jean-Pierre Gazeau1, Francois-Xavier Josse-
Michaux1, and Pascal Monceau2, 
1Laboratoire Astroparticules et Cosmologie and 
LPTMC, Paris, France 
2Laboratoire Matière et Systèmes Complexes and 
LPTMC, Paris, France 
 
O 20. Super-luminal light propagation in two-
level atomic medium embedded in squeezed 
vacuum 
A. Joshi1 and S.S. Hassan2 
1University of Arkansas, Fayetteville, AR, USA 
2University of Bahrain, Barhain 
 
O 7. Geometric Phase induced by adiabatically 
evolving engineered reservoirs 
Angelo Carollo1, Artur Lozinski2, and Massimo G. 
Palma2 

1Cambridge University, Cambridge, UK 
2University of Milan, Crema, Italia 
 
 
 
O1. A perturbative expansion of the evolution 
operator associated with a quantum Hamiltonian 
with applications to quantum optical systems 



                  

 
20

. 1Institut FEMTO-ST, Besançon, France 
2Slovak Academy of Sciences, Tatranska Lomnica, 
Slovak Republic 
 

Paolo Aniello1,2 

1Universita di Napoli ‘Federico II’, Napoli, Italy 
2Istituto Nazionale di Fisica Nucleare, Napoli, Italy 
 

 
 Room "Grand Kursaal" 

4:45 p.m. – 6:30 p.m.  
Poster Session 2 
 
 Chairman: Vincent Laude 
 
25. Trapped ion evolution and tomographic entropy as characteristics of the quantum dynamics 
Olga V. Man’ko 
P.N.Lebedev Physical Institute, Moscow Russia 
26. Light propagation in ordered and random one dimensional systems by cavity formation 
S.Marouf1 and N Zekri2 

1University of Bechar, Bechar, Algeria 
2USTO, Oran, Algeria 
27. TRFWM for quantum computing. 
Melnichenko E.V.1 and Manykin E.A.2  
1Moscow Engineering-Physics Institute, Moscow, Russia 
2RSC"Kurchatovsky Institute", Moscow, Russia 
28. Photodetection theory and quantum jump superoperators 
Salomon S. Mizrahi and Alexandre V. Dodonov 
Universidade Federal de São Carlos, São Carlos, Brazil 
29. Generation of a C-NOT gate using a single trapped ion 
M.Orszag and F.Larrain 
Pontificia Universidad Catolica de Chile, Santiago, Chile 
30. Extremal entanglement for triqubit pure states 
Feng Pan1,2, Lian-Rong Dai1, Guo-Ying Lu1, Dan Liu1, and J.P. Draayer2 
1Liaoning University, Dalian, China 
2Louisiana State University, Baton Rouge, LA, USA 
31. Generation of higher order nonclassical states via interaction of intense electromagnetic field with third order nonlinear 
medium 
Anirban Pathak 
JIIT, Noida, India 
32. Quantum phase from s-parametrized quasidistributions 
V. Perinova and A. Luks 
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Palacky University, Olomouc, Czech Republic 
33. Detection of Fourth-order Squeezing of Light via Homodyne Method 
Hari Prakash1,2 and Pankaj Kumar1 

1University of Allahabad, Allahabad, India 
2M. N. Saha Centre of Space Studies, Allahabad, India 
34. Non linear response of an anharmonic diatomic molecule 
Jose Récamier, W. Luis Mochan, and Jesus Maytorena 
Universidad Nacional Autonoma de Mexico, Cuernavaca, Mexico 
35. Homodyne Atomic Detection on Bose-Einstein Condensates 
Bruno Requião da Cunha 
State University at Campinas (UNICAMP),,Campinas, Brazil 
36. Extended Cahill-Glauber formalism for finite-dimensional spaces 
M. Ruzzi1, M. Marchiolli2, and D. Galetti1 
1Universidade Estaduad Paulista (UNESP), Sao Paulo, Brazil 
2Universidade de Sao Paulo, Sao Carlos, Brazil 
37. A Comparison of the Electromagnetic Field Uncertainty Relations Limits Using Canonic, Variational and Feynman 
Restricted Integral Methods 
Luis Gerardo Pedraza Saavedra 
Pontificia Universidad Javeriana, Cali-Valle, Colombia. 
38. Ovals in finite projective planes and complete sets of mutually unbiased bases (MUBs) 
Metod Saniga1 and Michel Planat2 

1Slovak Academy of Science, Tatranska Lomnica, Slovak Republic 
2Institut FEMTO-ST, Besançon, France 
39. Intrinsic decoherence of GHZ state generation probability 
S. Shelly Sharma and N. K. Sharma 
Universidade Estadual de Londrina, Londrina, Brazil 
40. Unitary gates for Fock State qubits 
Marcelo Franca Santos 
Universidade Federal de Minas Gerais, Belo Horizonte, Brazil 
41. Effect of higher order energy corrections including three-body interaction on the Bose-Einstein condensate with the 
variation of repulsive self interaction energy 
S.P. Tewari, P. Silotia, A. Saxena, and L.K. Gupta 
University of Delhi, Delhi, India 
42. Multi-time correlations of a two level atom immersed in a Photonic Band Gap material 
Ines de Vega and Daniel Alonso 
Universidad de La Laguna, Tenerife, Spain 
43. Coherent states on the one-dimensional finite oscillator model 
Luis Edgar Vicent 
UAEM, Cuernavaca, Mexico. 
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44. Quantum key distribution via polarized coherent states 
A. Vidiella-Barranco and L.F.M. Borelli 
Universidade Estadual de Campinas, Campinas, Brazil 
45. Detection of correlations in quantum gases using feedback control 
D. Ivanov1 and S. Wallentowitz2 

1St. Petersburg State University, St. Petersburg, Russia 
2Pontificia Universidad Catolica de Chile, Santiago, Chile 
46. Optical interferometry at the Heisenberg Limit with Three Photons 
Hai-bo Wang1 and Takayoshi Kobayashi2 
1Core Research for Evolutional Science and Technology (CREST), Japan Science and Technology Corporation (JST) 
2University of Tokyo, Tokyo, Japan 
47. Entanglement Evolution in the Presence of Decoherence 
Jin Wang, Herman Batelaan, Jeremy Podany, and Anthony F. Starace 
The University of Nebraska, Lincoln, NE, USA 
48. Localization and Pattern Formation in Wigner-Weyl Framework. Waveletons in Ensembles 
Antonina N. Fedorova, and Michael G. Zeitlin 
IPME RAS, St. Petersburg, Russia 
49. Experimental quantum communication complexity 
Pavel Trojek1;2, Christian Schmid1;2, Mohamed Bourennane1;2, ¡Caslav Brukner3, 
Marek ÿ Zukowski4 and Harald Weinfurter1;2 
1 Max-Planck-Institut f¨ur Quantenoptik, Garching, Germany 
2 Ludwig-Maximilians-Universität, München, Germany 
3 Universität Wien, Wien, Austria 
4 Instytut Fizyki Teoretycznej i Astrofizyki Uniwersytet Gdanski, Gdansk, Poland 
 

 
 Room "Grand Kursaal" 

6:30 p.m. – 8:00 p.m. Cocktail 
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Friday, May 6th  
 

 Room "Petit Kursaal"  Room « Proudhon » 

 
8:15 a.m. –8:45 a.m. 

8:45 a.m. – 9:15 a.m.

9:15 a.m. –9:4 5 a.m.
 

9:45 a.m. –10:15 a.m.

 
Session 13 A / Quantum imaging 
 
Chairman: Eric Lantz 
 
 
I 2. Optimisation of spatial squeezing and 
measurements below the quantum noise limit. 
H-A.Bachor1, V.Delaubert2, C.C.Harb1, M.T.C.Hsu1, 
N.Treps2, C.Fabre2 
1ACQAO, Camberra, Australia 
2LKB,  Paris, France 
 
 
I 44. Ghost imaging experiments with classical 
thermal light 
L. Lugiato, M. Bache, E. Brambilla, F. Ferri, A. Gatti, 
and D. Magatti 
Dipartimento di Fisica e Matematica, Como, Italy 
 
 
I 63. Spectral Management of Entangled Two-Photon 
States for Submicron Resolution Optical Coherent 
Tomography 
A. V. Sergienko, S. Carrasco, M. B. Nasr, B. E. A. Saleh, 
M. C.Teich1, 
J. P. Torres, and L. Torner 2 
1Quantum Imaging Laboratory, Boston, USA 
2ICFO-Institut de Ciencies Fotoniques, Barcelona, Spain 
 
 
O 3. High performance guided-wave heralded single 
photon source at telecom wavelength 
O. Alibart1, S. Tanzilli1,2, D.B. Ostrowsky1 and P. Baldi1 

 
 
 
 
 
 

8:15 a.m. – 8:45 a.m. 
 
 
 
 
 
 

8:45 a.m. – 9:15 a.m. 
 
 
 
 
 
 
 
 

9:15 a.m. –9:4 5 a.m. 
 
 
 
 
 
 
 
 

9:45 a.m. –10:15 a.m. 
 
 
 
 

 
Session 12 B/ Finite quantum mechanics and 
number theory 
 
Chairman: Luis Sanchez-Soto 
 
I 53. Using discrete Wigner functions in 
quantum information 
Juan Pablo Paz 
Departamento de Fisica, Buenos Aires - Argentina 
 
 
I 35. Quantum evolution in a discrete phase 
space 
A.B.Klimov, C. Munoz 
Departamento de Fisica, Guadalajara, Mexico 
 
 
 
 
 
 
 
I 82. Expectation-value representation and 
minimal POVM’s in a finite-dimensional 
Hilbert space 
Stefan Weigert 
Department of Mathematics, Hull, United 
Kingdom 
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1Laboratoire de Physique de la Matière Condensée, Nice, 
France 
2University of Geneva, Geneva, Switzerland 
 

 
 
 
 
 
 
 

10:15 a.m. – 10:45 a.m. Coffee Break 

10:45 a.m. – 11:15 a.m.
 

 
 
 
 
 
 
 
11:15 a.m. – 11:45 a.m.

 

11:45 a.m. – 12:15 a.m.

 
Session 13 B/ Quantum imaging 
  
 Chairman : Sasha Sergienko 
 
 
I 57. Single-photon interference from a clock-
triggered single-photon source 
Jean-François Roch, Vincent Jacques, E Wu, Timothée 
Toury, et François Treussart1 
Alain Aspect et Philippe Grangier2 
1 Laboratoire de Photonique Quantique et Moléculaire, 
UMR CNRS 8537, ENS Cachan, France 
2 Laboratoire Charles Fabry de l’Institut d’Optique, 
UMR CNRS 8501, Orsay, France 
 
I 46. Quantum amplification of images in a c.w. OPA 
A. Maître1;2, S. Gigan1, L. Lopez1, N. Treps1, C. Fabre1 
1Laboratoire Kastler Brossel, Paris, France 
2Institut des Nanosciences de Paris, Paris, France 
 
 
I 41. Noiseless image amplification 
Eric Lantz, Fabrice Devaux and Alexis Masset 
Institut FEMTO-ST, Besançon, France  

 
 
 
 
 
 

10:45 a.m. – 11:15 a.m. 
 
 
 
 
 
 
 
 
 
 

11:15 a.m. – 11:45 a.m. 
 
 
 
 
 

11:45 a.m. – 12:15 a.m. 
 
 
 
 
 
 
 
 
 

 
Session 8A/ Trapped atoms & degenerate gases 
 
Chairman : Hans Bachor 
 
 
I 15. Tripartite entanglement and quantum 
Zeno effect in periodically poled nonlinear 
crystals 
Anatoly Chirkin  and Andrei Rodionov 
M.V. Lomonosov Moscow State University, 
Moscow, 119992, Russia 
 
 
 
 
I 75. The Quantum Zeno Effect- a Matter of 
Dynamics, Information, or Illusion ? 
P.E. Toschek 
Universität Hamburg, Hamburg, Germany 
 
 
I 50. Squeezing in Bose-Einstein condensates 
through dipole-dipole interactions 
Duncan O’Dell1, Stefano Giovanazzi2, and 
Gershon Kurizki3 
1Department of Physics and Astronomy, Brighton,  
England 
2School of Physics and Astronomy, St Andrews, 
Scotland 
3Department of Chemical Physics,  Rehovot, 
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12:15 a.m. – 12:45 a.m.

 
 
 

12:15 a.m. – 12:45 a.m. 
 
 
 
 
 
 
 
 

Israel 
 
 
O 37. Non-classical light in Bose-Einstein 
condensate under the EIT condition 
A.V. Prokhorov, A.P. Alodjants, and S.M. 
Arakelian 
Vladimir State University, Vladimir, Russia 

 

Room “Risset” 

10:45 a.m. – 11:15 a.m.
 

 
11:15 a.m. – 11:45 a.m.

 

11:45 a.m. – 12:05 a.m.

12:05 a.m. – 12:25 a.m.

 
Session 2C / Quantum state generation & non-linearity 
 
Chairman: Haret Rosu 
 
I 71. Evaluation of Decoherence for Quantum Control and 
Computing 
Vladimir Privman 
Department of Physics, Potsdam, New York, USA 
 
I 42. Slow-light solitons and quantum measurements of atomic 
states 
Ulf Leonhardt1, Natalia Korolkova1, and Gary Sinclair1 
1 School of Physics and Astronomy,  St Andrews, UK 
 
I 24. Quantum computing of Poincar´e recurrences and 
periodic orbits 
Bertrand Georgeot 
Laboratoire de Physique Théorique, Toulouse , France 
 
 
 
O 5. Single-photon excitation of coherent states: a bridge from 
the particle to the wave character of light 
Alessandro Zavatta1, Silvia Viciani1, and Marco Bellini1,2 
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12:25 a.m. – 12:45 p.m

1Istituto Nazionale di Ottica Applicata (INOA), Firenze, Italy 
2European Laboratory for Non linear Spectroscopy (LENS), 
Firenze, Italy 
 
O 2. A computable measure of nonclassicality for light 
Janos K. Asboth1,2, John Calsamiglia1, and Helmut Ritsch1 

1Institut fur Theoretische Physik, Innsbruck, Austria 
2Research Institute for Solid State Physics and Optics, Budapest, 
Hungary 
 
 
 

 
12:45 p.m. – 2:45 p.m. Lunch 
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OPTIMAL REALIZATION OF FORBIDDEN

QUANTUM PROCESSES
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In the domain of Quantum Information several state
transformations are forbidden by fundamental quan-
tum mechanical bounds. These ones refer to the ba-
sic requirements of the quantum maps, in particu-
lar the ”linearity” and the ”complete-positivity”. We
present the theoretical and experimental results of an
extended investigation aimed at the ”optimal” real-
ization, i.e. with the maximum attainable approx-
imation, of relevant ”forbidden” maps as ”quantum
cloning”, ”quantum NOT”, ”quantum transpose”.
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Estimation of squeezed state
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In this talk, I focus on the estimation of squeezing
parameter of squeezed vacuum state. This squeezing
parameter has a symmetry for SU(1,1) action. Hence,
I assume that the error risk function has also the same
symmetry. Based on this assumption, I show that the
optimal estimator is uniquely determined for any finite
number of copies. That is, the optimal is independent
for the choice of risk function in this model. I also cal-
culate 1 minus the average fidelity between true state
and the estimated state. This value goes to 0 when
the number of copies increases. It can be asymptot-
ically expanded, and its first and second coefficients
are interesting.

It is known that the squeezed vacum state can be
parametrized by a complex number ζ in the unit disc
as

|0; ζ〉 := exp(−ξ(ζ)
2

(a†)2 +
ξ(ζ)∗

2
(a)2)|0〉, (1)

ξ(ζ) :=
1
2

exp(i arg ζ) log
1 + |ζ|
1− |ζ| . (2)

Assume that n identical copis of unknown state in the
family {|0; ζ〉〈0; ζ||ζ ∈ D} is given. If n > 3, the
optimal estimator is given by

Mn(dζ̂) := (|0; ζ̂〉〈0; ζ̂|)⊗n n/2− 1
π

d2ζ̂. (3)

A frame work of the realization of this measurement is
discussed by another paper [1]. The optimality of this
measurement is always valid if we adopt the minimax
criterion with any covariant loss fucntion.

If we use the fidelity |〈0; ζ|0; ζ̂〉|2 as the loss function,
the average error can be calcualted as

∫

D

|〈0; ζ|0; ζ̂〉|2 TrMn(dζ̂)(|0; ζ̂〉〈0; ζ̂|)⊗n (4)

=
n− 2
n− 1

∼= 1− 1
n

+ (1− 1
2
)

1
n2

. (5)

The coefficient of the term 1
n is −1, and this fact can

be also checked by Fujiwara-Nagaoka-Matsumoto’s re-
sult [2, 3]. However, it is more difficults to treat the

coefficient of the term 1
n2 . In the following, we will

compare this coefficient with that of other models. In
the boson coherent model, this value can be calcualetd
as [4]

n

n + 1
∼= 1− 1

n
+

1
n2

. (6)

In spin 1/2 model, this value can be calcualetd as [5]

n + 1
n + 2

∼= 1− 1
n

+ (1 + 1)
1
n2

. (7)

Indeed, the scalar curvatures of squeezed states model,
boson coherent model and spin 1/2 model are -4,
0, and 2, respectively. These inverses are reversely
propotional to the coefficient of the term 1

n2 minus 1.
This relation can be checked more generally. Hence, it
seems that there is a interesting relation between the
scalar curvature and this coefficient.
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Time-energy uncertainty relation and relativity
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Time and space are basic elements of our physical
comprehension of the world. They are also among
the physical quantities which are measured with the
greatest accuracy. Yet their precise status raises ques-
tions in physical theory and different notions of time
are used in relativity and quantum theory.
When he introduced relativistic conceptions of

space-time, Einstein emphasised that the ‘true’ phys-
ical time was an observable associated with an event
such as the tick of a clock [1]. As is well known, it
follows that time and space observables are mixed un-
der frame transformations so that the notion of sim-
ultaneity is no longer absolute. Remote clocks have
to be synchronised, in particular by transfering time
references encoded in electromagnetic signals. Such
synchronisation and the related localisation proced-
ure which consists in the exchange of several time ref-
erences between different observers are nowadays the
core of Global Navigation Satellite Systems.
The previous arguments refer to classical theory of

relativity but it is obvious that time observables also
belong to the quantum domain. The modern metrolo-
gical definition of time is rooted in atomic physics and,
hence, in quantum theory. The time delivered by an
atomic clock is nothing but the phase of a quantum
oscillator. Similarly, electromagnetic signals used in
synchronisation procedures are quantum fields. This
raises the question of the compatibility of quantum
theory with relativity, a question already raised by
Schrödinger as soon as in 1930 [2].
In this context arises the often stated argument that

standard quantum formalism would not allow for time
being treated as an operator. Should this ‘quantum
time’ problem be unavoidable, the formalism would
not be able to offer a rigorous energy-time Heisen-
berg inequality relying on a precisely stated quantum
commutation relation. Meanwhile, time would have a
different description from space, thus spoiling the at-
tempts to conciliate quantum and relativistic require-
ments for time and space observables [3].

∗Ecole Normale Supérieure (ENS), Université Pierre et
Marie Curie (UPMC) and CNRS

†CNRS, ENS, UPMC, Université Paris Sud

In this talk I will present an alternative approach
where relativistic effects and quantum commutators
are described in a unique algebraic formalism. In
this approach, observables associated with positions
in time or space are constructed on synchronization
procedures and their relativistic transformations re-
flect invariance under the group of Lorentz transform-
ations. The larger symmetry group of Maxwell equa-
tions under dilatations and conformal transformations
also plays a key role in the definition of a time op-
erator which is properly conjugated to energy while
simultaneously obeying Lorentz invariance [4].
Since conformal symmetry includes transformations

to accelerated frames, the new quantum algebraic
framework also allows one to evaluate Einstein red-
shifts arising from acceleration and/or gravity. This
opens the way to a discussion of Einstein’s equivalence
principle compatible with quantum theory [5].

References
[1] A. Einstein, Annalen der Physik 17 891 (1905).

[2] E. Schrödinger Sitz. preuss. Akademie Wis-
senschaften 418 (1930); ibidem 63, 144, 238
(1931); Ann. Inst. Henri Poincaré 19 269 (1932).

[3] C. Rovelli C. Phys. Rev.D42 2638 (1990); ibidem
D43 442 (1991); Class. Quantum Grav. 8 297,
317 (1991).

[4] Jaekel M.T. and Reynaud S. in “Frontier tests of
QED and Physics of Vacuum” eds E. Zavattini,
D. Bakalov and C. Rizzo (Heron Press, 1998) p.
426 [arxiv/quant-ph/9806097].

[5] Jaekel M.T. and Reynaud S. in “QED and Phys-
ics of the Vacuum” ed. G. Cantatore (AIP Pro-
ceedings, 2001) p. 58 [arxiv/quant-ph/0101121].

ICSSUR'05, Besançon, May 2-6, 2005

-32-



����������	
�
 ������	�����	��� �	������	��
�������	 ��� �����
���	��	�� ���

������� ��������
���  � !"#$%&'(  &)"*"+"# ', -./)*0)1 2%"*'&%3 40%5#6/ ', !0*#&0#)17� !8%9/&% $9� :;1 <*&)81 ==>>?=1 �#3%9+) @8%9#3*&A59%B'&�C%)D&#"�C/E

F&0#9"%*&"/ 9#3%"*'&) ,'9 &'&D0'66+"*&B 'C)#9(D%C3#) %9# %6'&B ', 09+0*%3 $3%0#) ', G+%&"+6 $./)*0)1".#/ %9# #)$#0*%33/ *6$'9"%&" ,'9 G+%&"+6 6#%)+9#D6#&") %&5 %3)' ,'9 )"+5*#) ', G+%&"+6 *&,'96%"*'&%&5 G+%&"+6 0'6$+"%"*'&� -9#)#&"3/1 )#(#9%3 5*H#9D#&" %$$9'%0.#) IJ1 =1 KL M#9# $9'$')#5 ,'9 "9#%"6#&"', +&0#9"%*&"/ 9#3%"*'& ,'9 6*N#5 )"%"#)�OM' ', ".#61 $9'$')#5 C/ P'3,1 4B%9M%3 %&5 -'&'D6%9#&8' @)## IJL ,'9 5#"%*3) %&5 ,+9".#9 9#,#9#&0#)E1%&5 %3)' C/ Q'+95%) %&5 0'D%+".'9) I=L1 %9# 5#R&#5*& "#96) ', 0'99#3%"*'&) ', 9#)$#0"*(# 'C)#9(%C3#)� S&".# '".#9 .%&51 ".# %$$9'%0.1 M.*0. .%(# C##& *&*D"*%33/ $9'$')#5 C/ �%)"*%%&) %&5 ".#& 5#(#3'$#5 C/<%&T8' %&5 U'5'&'( @)## IKL ,'9 0'6$9#.#&)*(# 9#D(*#ME 5#%3) M*". V+)+%3W +&0#9"%*&"*#) ', 9#)$#0"*(#'C)#9(%C3#) M.*3# 6*&*6+6 ', +&0#9"%*&"/ $9'5+0" 5#D$#&5) '& 6#%)+9# ', ".# )"%"# $+9*"/1 ,'9 #N%6$3#
XY XZ [ \;] _̂= ` @JE

M.#9# $+9*"/ 5#B9## *) 5*R&#5 %) "9%0# ', )G+%9#5 5#&D)*"/ '$#9%"'9 ] a O9 bc %&5 *" *) )+$$')#51 ".%" ] d J�O.*) $%$#9 *) 6%*&3/ C%)#5 '& �%)"*%%&) %$$9'%0.1%&5 %*6#5 "' *") B#&#9%3*e%"*'& "' 6+3"*5*6#&)*'&%3'C)#9(%C3#) @*� #� (#0"'9D(%3+#51 *&03+5*&B 6+3"*D$%9D"*03# '9 6+3"*6'5# 0%)#)E� 4) *" .%) C##& ).'M& #%93*#9@)## 9#,#9#&0#) *& IfLE1 "9%&)*"*'& "' 6+3"*5*6#&)*&%30%)# 3#%5) "' &'&D".9*(*%3 5#$#&5#&0# ', ".# 9#3%"*'&6*&*6+6 '& &+6C#9 ', 5*6#&)*'&) %&5 (%3+# ', ]� & ".*) 9#$'9"1 ".# 6')" B#&#9%3 (%9*%&" ', $')*"*'&D6'6#&"+6 +&0#9"%*&"/ 9#3%"*'& ,'9 )/)"#6 *& gD5*6#&)*'&%3 )"%"# *) $9#)#&"#51 M.*0. C*&5) % 6*&*6%3+&0#9"%*&"/ ('3+6# ', % )"%"# M*". #*B#&(%3+# )$#0D"9+6 ch ', ".# 5#&)*"/ '$#9%"'9
Xi Xj [ _̂= Jg kl @=m ngE opqrs t�

khuv chwlx @=E
M.#9# ywzxh a @{ng|JE}~ @{}@g | JE}E %&5 ".# #*B#&D(%3+#) ', ".# 5#&)*"/ 6%"9*N %9# 0'33#0"#5 *& B9'+$) ',ywzxh "#96)�

1 2 3 4 5 6
0

0.2

0.4

0.6

0.8

1

7*B+9# J� F&0#9"%*&"/ 9#3%"*'& 6*&*6+6 @g a J` � � � :��T) � � � J1 �T) � � a =1 �T) � � a K1 nT) � � � ��
<'9# 5#"%*3#5 )"+5/ ', 'C"%*&#5 9#3%"*'& @=E #&%C3#)"' 'C"%*& 5#$#&5#&0# ', +&0#9"%*&"/ $9'5+0" '& B#&#9D%3*e#5 $+9*"/ 6#%)+9#) ]w�x a �O9 �bc ��w�t�x���t�1 M*".� � J� S& 7*B+9# J ".# 5#$#&5#&0# ', 9*B."D.%&5 $%9"', +&0#9"%*&"/ 9#3%"*'& '& g @*& +&*") ', @_̂~=EzE *)$9#)#&"#5 *& %)/6$"'"*0) ]w�x d J ,'9 )#(#9%3 ���'&03+)*'& "' ".# 9#$'9" *&03+5#) 5*)0+))*'& ', 9#3%D"*'&) C#"M##& 5*H#9#&" %$$9'%0.#) "' +&0#9"%*&"/ 9#D3%"*'& ,'9 6*N#5 )"%"#) %&5 )+66%9/ ', $'))*C3# %$D$3*0%"*'&) ', 'C"%*&#5 9#)+3")�

����������
IJL �� !� 4B%9M%3 %&5 !� 4� -'&'6%9#&8'1 -./)��#(� 4 ��1 >K=J>K @=>>KE�
I=L 4� Q'+95%)1 -./)� �#(� 4 ��1 >==J>; @=>>fE�
IKL Q� Q� U'5'&'(1 �� S$"� � �1 !\;D!J>; @=>>=E
IfL <� F� �%9#3*&1 %9 *(�'9B�G+%&"D$.¡>fJJ>:?@=>>fE

ICSSUR'05, Besançon, May 2-6, 2005

-33-



Squeezed States and Non Equilibrium Phase transitions

Bindu A.Bambah1, C.Mukku2, and M.V.Shiv Chaitanya1

1School of Physics, University of Hyderabad, Hyderabad , 500 046, India
2Department of Mathematics , Panjab University, Chandigarh, 1600 014 India

Corresponding author: First Author (bbsp@uohyd.ernet.in)

Ever since the seminal work of Bogolubov on inter-
acting fields [1], particle production processes in evolv-
ing systems rely heavily on the theory of squeezed
states. For this reason, the squeezed state formalism
in its various avatars has found application in parti-
cle production in curved expanding space time [2],relic
graviton studies [3], hadron production in high energy
collisions [4], and parametric amplification in inflation
[5].This is because, in the fock space representation
the effective Hamiltonian for the interacting modes
a1(k) and a2(k) of the quantum field is typically of
the form:

H =
∑

k

{ω1a1(k)†a1(k) + ω2a2(k)†a2(k) + (1)

+ γ1(a1(k)a2(k) + a2(k)a1(k))
+ γ2(a1(k)†a2(k)† + a2(k)†a1(k)†) +
+ γ3(a1(k)†a2(k) + a2(k)†a1(k)},

which is very similar to the quantum hamiltonian for
two coupled modes of the quantum electromagnetic
field in the rotating wave approximation. This Hamil-
tonian, which admits su(1,1) and su(2) symmetries,
can be diagonalized using squeezed rotated states and
the time evolution of the wave function can be carried
out.

In the case of phase transition problems associated
with spontaeous symmetry breaking the broken and
unbroken vacua are related by squeezing tranforma-
tions corresponding to the time dependent harmonic
oscillator. Fluctuations of the quantum field result in
particle production which can be expressed in terms
of the squeezing parameter associated with the time
dependence of the frequency of the oscillator. If the
phase transition is at equilibrium the two states ( re-
tored and broken symmetry vacua)are adiabatically
connected and no particle production occurs. If, how-
ever the phase transition occurs out of equilibrium,
it can be modeled by a sudden frequency change of
the harmonic oscillator leading to large squeezing [6].
This fact is used to show how the particles emerging
from a heavy ion collison undergoing a non equilib-
rium chiral phase transition leads to squeezed multi-
plicity distributions, which can experimentally deter-

mine the nature of the phase transition. A similar
mechanism is also responsible for parametric amplifi-
cation of inflaton fluctuations in the “preheating” af-
ter inflation in the early universe. We will be dealing
with both these aspects in this contribution, in de-
tail. To do so we use quantum optical analogies which
have long been useful tools in the explanation of multi-
plicity distributions and correlations among identical
and charged particles by exploiting the similarity be-
tween light and bosonic particles. Distributions such
as the Glauber-Lachs, the negative binomial and the
squeezed coherent distribution, which have their ori-
gin in photon-counting experiments have found appli-
cations in particle and astro-physics. The distinguish-
ing factors between optical and particle physics are the
conservation laws and final state interactions between
the particles. Thus in translating the quantum optical
analogy to particle production processes, preservation
of conservation laws such as isospin, charge etc. are
ensured through the imposition of constraints on the
squeezed states. The methods employed for general-
izing squeezed states required for applications to the
study of non-equilibrium phase transitions in particle
physics and coismology will be given in this contribu-
tion.
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Thermal squeezed states

Allan Solomon
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We introduce the concept of a thermal squeezed state as a statistical mixture of photon-added squeezed-
coherent states. We show how various quantum statistical quantities may be calculated readily in such states,
thanks to the simple group theoretic structure. We apply this technique to determine physical properties of these
thermal states, including the temperature-dependent squeezing, and the physically important signal-to-quantum
noise ratio.
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Angular coordinates differ from their Cartesian
counterparts in that the addition of 

€ 

2π  leaves the
associated physical system unchanged.  This means that
all physically distinct angles exist within a 

€ 

2π  interval.
It is reasonable, and in quantum theory essential,
therefore, to define our coordinate within a single 

€ 

2π
range, from 

€ 

θ  to 

€ 

θ + 2π .  Both the phase angle
associated with a harmonic oscillator [1] and the
azimuthal angle associated with a rotating system [2]
have this physical requirement.  We will describe how an
angular coordinate operator can be introduced and
illustrate some of the mathematical subtleties involved.

An uncertainty relation for rotation angle and angular
momentum follows directly from the commutator for the
associated operators.  For physically preparable states this
reduces to [2]

  

€ 

ΔφθΔLz ≥ h1− 2πP(θ ) / 2.                                           (1)

The state-dependent lower bound is essential to allow for
the existence of angular momentum eigenstates for which

€ 

ΔLz = 0; the corresponding 

€ 

Δφθ  is 

€ 

π / 3  and

€ 

P(θ ) = 1/(2π ) .  The angular momentum coherent states
with large angular momentum are approximate intelligent
states for this uncertainty relation: in much the same way
as the large amplitude coherent states saturate the
analogous relation for photon number and phase.

The Heisenberg uncertainty relation,   

€ 

ΔxΔp ≥ h / 2 , can
be divided by   

€ 

h  and then reinterpreted as Fourier’s
theorem: 

€ 

ΔxΔk ≥ 1/2 .  We can obtain similarly an
angular Fourier-type relation between the angular
coordinate 

€ 

φθ  and the order,   

€ 

l, of the Fourier
components,   

€ 

exp(ilφ) , in the form

  

€ 

ΔφθΔl ≥ 1− 2πP(θ ) / 2.

The state-dependent lower-bound in our uncertainty
relation (1) means that we can identify distinct classes of
“minimum uncertainty states”.  The states that saturate
the inequality are the intelligent states [3].  It is also
interesting to identify the smallest allowed value of 

€ 

ΔLz

(or 

€ 

Δφθ ) for a given 

€ 

Δφθ  (or 

€ 

ΔLz ).  States giving these
minima and the constrained minimum uncertainty

product (CMUP) states [4].  For linear position and
momentum the lower bound imposed by the uncertainty
relation is state independent and this means, of course,
that the associated intelligent states are also the CMUP
states.  These are well-known Gaussian states.  For
angular position and angular momentum, however, the
intelligent and CMUP states are quite different.  Indeed,
for some values of 

€ 

Δφθ  the smallest allowed 

€ 

ΔLz

(associated with the CMUP state) is about 10% below
that found for the intelligent.  We will derive both the
intelligent and CMUP states for angle and angular
momentum and discuss some of the mathematical
subtleties associated with them.
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Heisenberg’s uncertainty principle has particular 

bearing upon the fundamental limits of measurement.  It 
is commonly encountered as a relationship between the 
standard deviations of momentum and position, 

2h!"" px  [1].  Although frequently associated with 
quantum mechanics, it applies to any pair of variables 
that are related by a Fourier-transform, whether they be 
classical or quantum observables.  Momentum and 
position are both unbounded and continuous variables 
and the relationship between them is a continuous 
Fourier-transform. 

Angular momentum is more complicated since its 
conjugate variable, angle, is a repeating function within a 
2π range.  What we show here is that, when applied to 
light beams, measurements in the distribution of angular 
momentum states are subject to a discrete Fourier-
transform relationship with angular position.  The 2π 
cyclic nature of angular measurement raises difficulties in 
the formulation of an angular uncertainty relation which 
stem from the fact that experimentally distinct angles 
exist only in a selected 2π range.  In keeping with the 
work of Pegg and Barnett [2], we define angle only over 
the 2π range.  This leads to consistent and physically 
sensible properties and in particular to an uncertainty 
relation which limits the accuracy of possible 
measurements. 

One area of quantum physics where angular momentum 
is becoming of extreme importance is that of optical 
beams.  For a beam with helical phase fronts described by 
  

! 

exp(il")  the orbital angular momentum is   

! 

lh  per photon 
and can be measured in a variety of ways.  Most simply, 
diffractive components can confirm whether or not a 
particular beam, or indeed photon of light, is described by 
a specific value of   

! 

l. 
We have measured the angular momentum of an   

! 

l=0 
light beam after passage through an angular restriction 
[3].  Our experiments confirmed that the resulting spread 
in orbital angular momentum states has a Fourier 
relationship with the angular transmission function of the 
aperture.  Furthermore, for an aperture centred at 

! 

" =0, 
with a width characterised by a standard deviation over a 
2π range, the relative uncertainties obey the relationship 

2)(21 !!" ##$%% PL h  - the expression derived from 
the Pegg-Barnett theory. 

In this work we concentrate on single photons, initially 
with non-zero   

! 

l, and measure the statistical distribution 
of   

! 

l-states after transmission through generalised 
apertures. 

Experimentally we generate a low intensity laser beam 
in a precise  

! 

l-state using a He-Ne laser whose beam is 
collimated and expanded to fill the aperture of an 
addressable spatial light modulator.  The modulator is 
programmed with a diffraction grating containing a fork 
dislocation to produce a beam with a helical phase in the 
first diffraction order.  A second spatial light modulator is 
also used to analyse the   

! 

l-state.  If the index of the 
analysing hologram is opposite to that of the incoming 
beam, it transforms the beam back into a plane wave 
which can be focussed to pass through a diffraction 
limited pinhole.  Cycling through various indices whilst 
monitoring the power transmitted through the pinhole 
allows the   

! 

l-state of the incoming beam to be deduced.  
The same analysing hologram can be combined with the 
angular aperture giving a single optical component that 
both sets the angular aperture and measures the resulting 
  

! 

l-distribution.  In our case we count the individual 
photons transmitted through the pinhole using an APD.  
Even allowing for losses within the experiment, 
restricting the maximum count rate to a megahertz or so 
means that there is on average less than one photon 
within the apparatus at any one time.   

We confirm both the form of the angular uncertainty 
relationship and the Fourier-nature of the relationship for 
more complex aperture functions.  Both these 
confirmations are performed at optical intensities 
corresponding to single photon interaction and 
measurement. 
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Orbital angular momentum [OAM] of light provides
a multidimensional optical quantum system suitable
for quantum communication purposes. Recently, the
uncertainty relation for OAM and the conjugate vari-
able angle [1] has been confirmed in an optical ex-
periment [2]. With possible applications in quantum
communication and cryptography, violations of local
uncertainty relation may be used to detect entangle-
ment [3, 4].

We therefore examine quantum correlations in the
variables of OAM and angular position to find a cri-
terion for the violation of a local uncertainty relation
and hence for the demonstration of an angular EPR
paradox. To include experimental errors in the OAM
and angle measurement we formulate the criterion in
terms of conditional variances [3]

〈[var(l2)|l1]m〉m < [〈min var(l2)|P (φ1)]i〉P (φ1), (1)

where li and φi, i = 1, 2 refer to the OAM index and
the angular position of the signal and idler photon
emerging from a parametric down conversion process.
P (φ) is the probability density for the angle φ. As
local uncertainty principles are derived for local mea-
surements we distinguish between locally measured
quantities, showing the index m and values of quan-
tities inferred under the assumption of local realism,
indexed with i. The conditional variances are aver-
aged over all conditions.

Under realistic experimental conditions, there are
two sources of error, which have an influence on the
demonstrability of the violation of angular uncertainty
principle. The quantum state produced in paramet-
ric down conversion may not be maximally entangled
and the local measurements are not totally precise. In
particular for the continuous variable of angular po-
sition a uncertainty is inherent to the way the angle
is measured. To include a model for this uncertainty
we consider a class of masks which impose an angular
probability distribution.

We are therefore in a position to give a experimen-
tally feasible criterion for the demonstration of angu-
lar EPR paradox or the violation of a angular uncer-
tainty principle.
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Figure 1: The conditional angle variance on the idler
output is measured with the help of masks confining
the angle.
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Uncertainty relations and entanglement in probability

representation of quantum states
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The formulation of quantum mechanics and quan-
tum optics in which quantum states of photons and
two-level atoms are described by standard probabil-
ity distributions instead of wave functions and den-
sity matrices is reviewed. The Schrödinger–Robertson
uncertainty relations for photon quadratures of mul-
timode quantum states are obtained in the new form
of positivity condition of matrix associated with dis-
persion matrix related to the tomographic probabil-
ity distribution of the state under consideration. The
problem of quantum entanglement of spin system and
multimode photon system is given in terms of condi-
tions for tomographic probability distribution of the
system states. The semigroup of scaling transform
of the quadrature dispersion matrix is considered to
find new criterion of entanglement of multimode pho-
ton system [1]. Generic problem of classical limit of
quantum states and the role of uncertainty relations
is reviewed.
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Figure 1: Setup for polarization squeezing generation.

We present a novel scheme to generate continuous
variable polarization squeezing [1, 2, 3] (and refer-
ences), using intense, femtosecond pulsed laser beams
at 1500 nm in a single pass through a polarization
maintaining fiber. This system generates excellent, di-
rectly measurable polarization squeezing without the
need for auxiliary resources and is thus in principle
limited only by the system’s linear losses. The exper-
imental setup also allows for the direct measurement
of the squeezing angle.

The single pass of an intense pulse through a fiber
squeezes the beam via the χ3 Kerr non-linearity in
a quadrature skewed from the amplitude quadrature.
The squeezing of this beam is not directly detectable,
and a local oscillator, an empty cavity or a Sagnac-
loop-like interference is necessary to measure this
squeezed quadrature. Using a polarization maintain-
ing fiber, two orthogonal, linearly polarized beams can
be independently and simultaneously squeezed. These
pulses are overlapped temporally at the fiber output
and are actively locked to a constant relative phase,
yielding an Ŝ3 polarized state (〈Ŝ1〉 = 〈Ŝ2〉 = 0).
Polarization squeezing is a reduction in the noise of
a Stokes parameter below its state dependent uncer-
tainty limit, here: V (Ŝ1)V (Ŝ2) ≥ 〈Ŝ3〉2. Thus polar-
ization squeezing can be observed using a λ/2 wave-
plate and a polarizing beam splitter, which measure
in the dark Ŝ1 − Ŝ2 plane.

We observed a maximum of -5.1 dB polarization
squeezing at 17.5 MHz for a pulse power of 83.7 pJ
in 13.3 m of 3M FS-PM-7811 fiber. This is seen in

Figure 2: Noise against phase-space rotation angle for
the rotation of the λ/2 waveplate. Inset: Schematic
of projection at angle θ.

Fig. 2, a plot of the measured noise as the λ/2 wave-
plate is rotated, corrected for -86.1 dBm of dark noise.
The x-axis is the projection angle, θ, i.e. the angle by
which the state has been rotated in phase space, which
is directly inferred from the waveplate angle. For an
angle, θsq, the squeezing in the system is observed by
projecting out only the squeezed quadrature. Further
rotation brings a rapid increase in noise as the ex-
cess phase noise becomes visible. This is similar to
experiments using local oscillators, however here no
stabilization is needed after producing the polariza-
tion squeezed state. Testing different fiber lengths and
types, such as micro-structured fibers, should increase
the squeezing. A modified setup could simultaneously
produce two polarization squeezed beams which could
be used to generate polarization entanglement.
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Jan Peřina, Jr.1, Concita Sibilia2, Daniela Tricca2, Marco Centini2, and Mario Bertolotti2
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Optical parametric process occurring in a nonlinear
planar waveguide can serve as a source of light with
nonclassical properties. Properties of the generated
fields are substantially modified by the scattering of
nonlinearly interacting fields in the photonic band-gap
structure. The photonic band-gap structure is intro-
duced by a small periodic corrugation on the top of
the waveguide.

The analysis of the behaviour is done using quan-
tum model of linear operator amplitude corrections to
mean-field amplitudes. States of the nonlinearly in-
teracting fields are described in the framework of the
generalized superposition of signal and noise [1].

Squeezed light can be observed only in com-
pound modes that contain both forward-propagating
signal and idler fields, both bacward-propagating
signal and idler fields and finally signal forward-
(backward-)propagating and idler backward-
(forward-)propagating fields [2]. Squeezing in
the last mentioned compound modes occurs due to
linear scattering of the down-converted fields in the
photonic band-gap structure. The role of parameters
of the photonic band-gap structure on squeezed-light
generation is elucidated in detail.

Similarly this waveguide can also generate light
with sub-Poissonian photon-number statistics. Sub-
Poissonian photon-number statistics can be observed
in the same modes that provide squeezed light. Fano
factor of the generated light can be around 0.3.

Last but not least the waveguide can be used for
the reduction of signal to noise ratio of the incident
field. This property is based upon the sensitivity of
the nonlinear process to the phase of the incident light.
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For generating non-classical states it is necessary to
use either a nonlinear process or a special measure-
ment procedure such as single photon counting. A
variety of nonlinear media have been used to create
squeezed light, including atomic beams, glass in opti-
cal fibres, crystals, trapped atoms in a MOT or atom
vapour in cells. To improve the amount of squeezing
that is generated one searches for high nonlinearities
with little loss. One nonlinear process is a multiphoton
transition of an atom. To avoid the linear absorption
that normally dominates, some techniques have been
developed, namely self induced transparency (SIT)
and electromagnetically induced transparency (EIT).

In this paper we will concentrate on SIT. Under SIT
conditions an optically dense medium becomes trans-
parent for pulses above a threshold pulse area. It can
be understood as a wave of complete Rabi cycles that
propagates through an atomic two-level medium [1].
This happens if the incoming pulse has a pulse area
of 2π and the optically dense medium has relaxation
times that are longer than the temporal width of the
pulse (otherwise the coherent process is disturbed).
By slightly detuning from the resonance one can ac-
quire a nonlinear phase shift, which can be used to
generate squeezed states of light.

In many experiments the classical behaviour of SIT
in different media has been studied since its discov-
ery in 1967[1]. We propose an experiment that uses
ultra-short pulses in Rb vapour. The temporal length
of the pulses is much shorter than the relaxation time
of the medium and hyperfine transitions do not play a
role in this regime. In vapour cells the interaction be-
tween light and medium is limited by the focussing
properties of the beam. This can be overcome by
confining the light e.g. in a doped fibre. However
the large phonon coupling in the solid state mate-
rial requires cooling to liquid helium temperature to
reach the regime of SIT [2]. To reduce the number of
phonons that interact with the doped ions one could
use a phononic microstructure in the fibre [3]. In order
to circumvent these problems we will use microstruc-

Figure 1: Experimental setup of Rb filling chambers
and homodyne detection of light pulses propagating
through a Rb vapour filled hollow core fibre.

tured hollow core fibres [4], filled with Rb vapour.
Thus one combines good guiding properties with long
relaxation times in the gas phase. The hollow core
fibres are filled with Rb vapour by the help of an inert
buffer gas between two vacuum chambers. Detuned
light that is guided through the filled fibre is then
probed with a homodyne setup to measure the non-
linear effects on the coherent input state. In addition
to the generation of squeezing via SIT or EIT, Rb
filled hollow core fibres could act as a versatile tool
for light-atom interactions.
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The von Neumann entropy plays a distinguished
rôle in quantum-state estimation and quantum stat-
istical mechanics, especially in combination with the
maximum entropy method, according to which the
most unbiased quantum state to be chosen, amongst
those compatible with the measurement data avail-
able, is the one with highest von Neumann entropy. [1–
3]. This “quantum” entropy and its use count many
derivations or justifications in the literature [2, 4].

We wish to make some remarks about these deriv-
ations or justifications, which are not all convincing
and not always rigorous. Some of them are based on
“quantum” analogies, but we know that, although of-
ten powerful and insightful, analogy is never a guar-
antee of consistency or soundness; for example, we
explicitly and uncompromisingly refuse any analogy
between density matrices and probability distribu-
tions as misleading, since the former belong to phys-
ics, while the latter belong to logic and are thus more
general objects which underlie the former. Other de-
rivations or justifications are based on intuitive uses
of the term “information”, and also these can be mis-
leading; for example, we can show that defining the
von Neumann entropy of a density matrix as that cor-
responding to the “best” (least-entropy) measurement
does not always lead to an entropy that can be used
in a maximum-entropy formalism in more general the-
ories possessing quantum-like uncertainty relations.

Hence, we stress the need of a justification or de-
rivation based only on the axioms of probability the-
ory (with the possible adjunction of Shannon’s en-
tropy) [5, 6]. Such an approach should thus be gen-
eral enough to be valid for any physical theory, and
for quantum theory (as well as classical mechanics)
as a particular case. This approach should also leave
open the possibility of implementing other informa-
tion (not necessarily consisting only in mean values),
useful to quantum-state estimation, that the physicist
may have.
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A measurement, when considered as a physical pro-
cess, necessarily disturbs the system under study.
From the context of state preparation, this is often
a blessing, as the measurement results can be used to
conditionally prepare a state that may be difficult to
prepare by any other dynamical means. The draw-
back of this approach, however, is that the resulting
state is generally random. Fortunately, by using a
sufficiently slow continuous measurement concurrently
with Hamiltonian feedback control, the diffusion of
the quantum state can be directed, and in some cases
can render the state preparation deterministic. Thus,
feedback retains the useful dynamics of the measure-
ment, while removing the random side effects.

In this talk, I will discuss these principles in the
context of our experiment, where the spin state of
an ensemble of cold atoms is continuously measured
via the Faraday rotation of a far-off resonant probe
beam. Under quantum noise limited conditions, the
continuous measurement of the spins can transform a
polarized coherent spin state into a conditional spin-
squeezed state (SSS). Due to the nature of the mea-
surement, the pointing angle of the SSS will be non-
zero and random. However, by mapping the pho-
tocurrent into a feedback magnetic field that induces
Larmor precession, this angle can be made zero, thus
preparing nearly the same SSS on every trial. Here
I will report on the experimental progress made on
previous experiments [1, 2], as we try to gain an ab-
solute measure of the degree of squeezing achieved.
Even at a single atom level, the precise mapping from
atomic spins to optical polarization is considerably
more complicated than the simple Faraday coupling
and must be modeled precisely to fully understand the
measurements [2]. Furthermore, because the genera-
tion of conditionally correlated collective states is re-
liant on distinguishability and limited by spontaneous
emission, one must extract a state evolution equation
(stochastic master equation) from a full 3D model for
a complete understanding. To illustrate more general,
non-Gaussian, aspects of feedback control, we neglect

spontaneous emission and theoretically demonstrate
that, as an extension of the SSS preparation, eigen-
states of the measured operator (Dicke states) can also
be prepared deterministically [3, 4].

Finally, we mention applications of this measure-
ment process in the context of quantum parameter es-
timation and show that the measurement can be used
to estimate magnetic fields in a way that utilizes the
simultaneous spin-squeezing effect [5, 6].
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There has recently been much interest in coupling
light with atomic ensembles to develop a quantum
interface. Several proposals have been published to
utilise this kind of interface for spin squeezing, quan-
tum memories, quantum teleportation, and entangle-
ment [1]. Many of these proposals have been re-
alised experimentally. Spin squeezing is the simplest
of these applications, and has been demonstrated sev-
eral times. However, all of these realisations have been
performed using squeezed states of light or samples in
vapour cells with relatively low signal to noise ratio.

We propose a scheme to generate spin squeezing via
a quantum non-demolition (QND) measurement [2] in
a cold sample of 87Rb atoms using the 5S1/2(F = 1)
hyperfine ground state. In this system we expect to
have a much higher signal to noise ratio than in pre-
vious work. Suitable Zeeman substates and operators
to perform the QND interaction in this scheme are
identified, together with the possible sources of error
and noise arising from these choices.

Spin squeezing is created by sending an off-resonant
pulse of light in a coherent polarisation state through
an atomic sample prepared in a coherent spin state.
The light and atoms exchange quantum fluctuations
due to the dipole interaction; squeezing is then
achieved by a QND measurement of one component
of the atomic spin. The coupling between light and
atoms in this kind of schemes is described by the fluc-
tuation relations [2]

δĴout
y = δĴ in

y + κδŜin
z , δĴout

z = δĴ in
z , (1a)

δŜout
y = δŜin

y + κ′δĴ in
z , δŜout

z = δŜin
z , (1b)

where κ and κ′ are coupling constants, Ŝy and Ŝz are
components of the Stokes vector Ŝ of light, and Ĵy and
Ĵz are components of an atomic pseudo-spin vector Ĵ.

The ideal case of a spin-1/2 system is simple to con-
sider [2], as Ĵ corresponds to the real spin F̂, but is
not easy to realise. For example, in a real 87Rb system
the lowest spin number is 1, and many states have to
be considered (see Fig. 1). We show that in this situa-
tion a quasi-ideal system can be implemented using a
coherent superposition of the |5S1/2, F = 1, m = ±1〉

Figure 1: Levels and transitions relevant for spin
squeezing on the D2 line in 87Rb.

states, and defining a pseudo-spin Ĵ

Ĵx =
1
2

(
F̂ 2

x − F̂ 2
y

)
,

Ĵy =
1
2

(
F̂xF̂y + F̂yF̂x

)
,

Ĵz =
1
2
F̂z.

One finds that the interaction of Ĵ with Ŝ is still of
the QND form (1). When all states are considered,
contributions from the |5P3/2; F ′ = 0, 1, 2; m = 0〉
states are at most partially cancelled by those from
the |5P3/2, F ′ = 2, m = ±2〉 states, and the real
system still behaves as the ideal one.

Major sources of noise arise in the preparation
process if the coherent superposition is not done prop-
erly, or if there is population in any of the Zeeman
ground states other than |5S1/2, F = 1, m = ±1〉.
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Entanglement lies at the heart of quantum mechan-
ics and its potential for quantum communication and
computation has been revealed already some time ago.
While two-partite entanglement is understood quite
well by now, there is still a huge undiscovered vari-
ety of different kinds of multipartite entanglement and
therefore also applications in quantum communication
and computation.

Prior to any application, however, one needs to
learn how to engineer, detect and characterize multi-
partite entanglement. Experimentally, the most suc-
cessful physical system in this respect are polarization
entangled photons. Here we present experiments on
both, the analysis of multi-photon entangled states,
and applications in quantum communication.

As a first step the three-photon entangled W state
is studied. It’s properties are interesting, as it has gen-
uine three-partite entanglement, and, contrary to the
GHZ state, a high persistency of entanglement against
the loss of one of the three photons. Second, the en-
tanglement features of a four-photon cluster state are
investigated, which is also highly persistent to pho-
ton loss, but exhibits as high correlations as the GHZ
state. Cluster states attracted a lot of attention re-
cently, as they serve as resource for one-way quantum
computing, which has been demonstrated experimen-
tally very recently [1].
The four-photon entangled state |ψ(4)〉, is central to a
variety of multipartite quantum communication pro-
tocols. It has high symmetry, in particular it is in-
variant under equal local unitary transformation on
all qubits. The only four-photon state which is or-
thogonal to |ψ(4)〉 and which also exhibits this type of
symmetry is the product of two antisymmetric EPR-
pairs. The encoding of qubits in superpositions of
these two states allows the communication via a deco-
herence free subspace without a fixed reference frame
[2].

Due to the high amount of entanglement in two-

Figure 1: Alice, Bob and Charlie share three photons
of the state |ψ(4)〉. Alice performs a bell state mea-
surement with her and some initial photon. When she
sends the result to Bob and Charlie, they can obtain
clones of the inital state via local operations only.

photon subsets of the state |ψ(4)〉 it can also serve
as resource for optimal 1−> 2 quantum telecloning.
Here an arbitrary input state can be distributed to two
distant receivers at once (See Fig. 1), via a protocol
similar to the one used for quantum teleportation. We
experimentally demonstrate telecloning for the input
states |H〉,|+〉 and |L〉, observing a cloning fidelity of
F ≈ 0.7.
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Extremal properties of Gaussian states

and Gaussian operations

Michael M. Wolf
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Gaussian quantum states appear very naturally in
many branches of physics: the electromagnetic field in
most quantum optical setups, atomic ensembles inter-
acting with such fields, the motion of a collection of
trapped ions, or the low energy excitations of many
interacting quantum systems can be very well de-
scribed by these states. Their ubiquity might, math-
ematically, be understood as a consequence of an ex-
tremal property with respect to the entropy: for given
first and second moments the corresponding Gaussian
state maximizes the entropy. Hence, thermal states of
quadratic Hamiltonians as well as their dynamics are
Gaussian.

We first investigate whether such an extremal prop-
erty of Gaussian states also holds with respect to en-
tanglement, and we discuss then in which cases Gaus-
sian operations are optimal for quantum information
processing tasks. This is a first step towards under-
standing the exceptional role of Gaussian states and
operations within the space of all states and opera-
tions. Three points are addressed:

• Entanglement The simplest extremal entangle-
ment property of Gaussian states is the follow-
ing: If a multi-mode Gaussian state is entangled,
then so is every other state, which has the same
covariance matrix [1]. Moreover, under certain
symmetries the Gaussian state corresponding to
a given covariance matrix turns out to be the least
entangled one [2].

• Storage and transmission of coherent states
Consider the task of storing or transmitting co-
herent states by a measure-and-prepare scheme,
i.e., a conversion of quantum into classical infor-
mation and back. Obviously, the best possible
classical scheme gives a benchmark for the suc-
cess of quantum memories and teleportation ex-
periments. We show that a Gaussian measure-
and-prepare scheme maximizes the fidelity if the
coherent states are initially distributed according
to a Gaussian in phase space [3].

• Cloning of coherent states We consider the
optimal cloning of quantum coherent states with

single-clone and joint fidelity as figures of merit.
Both optimal fidelities are attained for phase
space translation covariant cloners. Remarkably,
the joint fidelity is maximized by a Gaussian
cloner, whereas the single-clone fidelity can be
enhanced by non-Gaussian operations: a sym-
metric non-Gaussian 1-to-2 cloner can achieve a
single-clone fidelity of approximately 0.6826, per-
ceivably higher than the optimal fidelity of 2/3 in
a Gaussian setting [4].

References

[1] R.F. Werner, M.M. Wolf, Phys. Rev. Lett. 86,
3658 (2001).

[2] G. Giedke, M.M. Wolf, O. Krüger, R.F. Werner,
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We analyze nonlocality of bipartite continuous vari-
able (CV) systems in the presence of dissipation and
thermal noise. In particular, we address nonlocality of
two-mode squeezed vacuum states (twin-beam states,
TWBs) by means of Bell’s inequalities based on dif-
ferent kind of dichotomic CV measurements.

TWBs are produced by nonlinear optical paramet-
ric amplifier and are of fundamental interest in con-
tinuous variable quantum information processing, be-
ing the basis of many quantum protocols, such as the
teleportation and telecloning. As it is well known, the
TWB Wigner function is Gaussian and, then, TWB
cannot be used to test the Bell’s inequality using ho-
modyne detection [1]. Therefore, in order to investi-
gate the nonlocal correlations of TWB, different non
Gaussian measurements are considered, as, for exam-
ple, displaced parity [2], displaced on/off photodetec-
tion [3] as well as pseudospin measurements [4].

We suggest a general method to enhance nonlocal-
ity: the inconclusive photon subtraction (IPS). The
IPS is a conditional measurement scheme to force non-
linear evolution of a given state. In IPS the input state
is mixed with the vacuum in a beam splitter and then
the reflected beam is revealed by on/off photodetec-
tion. When the detector clicks we have the (inconclu-
sive, since we cannot discriminate the actual number)
photon subtracted state.

IPS on both channels of the TWB improves the fi-
delity of coherent state teleportation if the energy of
the incoming twin-beam is below a certain threshold,
which depends on the beam splitter transmissivity and
the quantum efficiency of photodetectors [5], and en-
hance nonlocality in the phase space in the ideal case,
namely, when there are not sources of noise [6]. More-
over, since the state obtained from a TWB by the IPS
process is no longer Gaussian, this can be used to test
the nonlocality in the case of the homodyne measure-
ment.

We extend the results to the case of noise occurring
during the propagation an detection stages: in this
way we show that IPS is a “universal” method to en-
hance the nonlocal correlations of a TWB also when

nonideal scenarios are addressed.
The experimental verification of phase-space non-

locality is considered challenging, due to the difficul-
ties of measuring the parity, either directly or through
the measurement of the photon distribution. On the
other hand, the recent experimental generation of IPS
states [7], together with feasibility of displaced on/off
photodetection are indeed steps toward its implemen-
tation.
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We have exploited pattern function quantum homo-
dyne tomography (QHT) [1] to enlight deviations from
the Gaussian state for a squeezed vacuum field gen-
erated by a type—I below threshold OPO. This tomo-
graphic method allows to fully characterize the state
without any a priori assumption on its statistics. The
observed deviations can be explained by taking into
account residual OPO threshold and detuning fluctu-
ations.
OPO fields are described by linear Langevin equa-

tions with gaussian noise terms. Even in the limit of
validity of the linear approximation, deviations from
a gaussian state can originate by time dependent co-
efficients.
In a single—ended cavity configuration the field as

inside the OPO, satisfies

d

dt
as = [χ+ δχ (t)]a† − [γs + i∆ (t)] as +

p
2γsa

in

with γs the cavity damping, ∆ (t) the time dependent
detuning and (χ+ δχ (t)) the time dependent non lin-
ear interaction. δχ (t) depends in turn on the pump
δ
¯̄
a`
¯̄
, temperature δT 2 and detuning ∆ residual fluc-

tuations

δχ (t) = χ

Ã
δ
¯̄
a`
¯̄

|a`| −
δT 2

∆T 2
− ∆

2

γ2s

!

Ignoring these fluctuations, as inherits the ain

Gaussian character giving rise to a squeezed vacuum
state [2]. Switching on δχ (t) and ∆ (t), as begins to
deviate from the Gaussian form the more the greater
δχ2 and ∆2 are [3].
Applying pattern function QHT to the radiation

outing a type—I below threshold OPO, we have mea-
sured photon number distributions ρnn different from
those expected for a Gaussian field [4]. Being the
Wigner function and the marginal distribution p (x, θ)
at fixed θ, Gaussian for a Gaussian field, the actual

state has been analysed by looking at data variance
and Kurtosis

K =
1

N

NX
i=1

(xi − x̄)4
σ4

− 3

(K = 0 for a Gaussian distribution) as a function of
the quadrature angle θ. A clear deviation of K from
zero has been found for different OPO cavities [5] This
deviation increases as the threshold is approached.
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One of the essential tools for studying and manip-
ulating individual quantum systems is quantum to-
mography. The surge of interest in quantum informa-
tion science has led to new interest in this field, and
specifically to the study of “quantum process tomogra-
phy” (QPT), techniques for complete characterisation
of the time-evolution of a quantum system. Such mea-
surements will be essential if quantum-information
systems are to be developed and perfected, and in par-
ticular in order to tailor error-correction protocols.

I will review our experiments applying quantum
process tomography to two-photon systems[1] and
to atoms trapped in optical lattices[2]. In these
experiments we demonstrated that QPT could be
used to identify errors produced by a realistic “Bell-
state filter” for entangled photons and suggest error-
correction strategies, and to fully characterize the de-
coherence of the centre-of-mass motion of laser-cooled
atoms.

QPT has its drawbacks, however, and I will discuss
some of our more recent work in applying both com-
plete and partial tomographic measurements to vari-
ous information applications. On the one hand, the
“superoperator” resulting from QPT is unwieldy and
difficult to interpret, and I will present our work at-
tempting to extract useful figures of merit from this
large matrix and hence optimize processes such as
pulse-echo sequences in lattices. At the same time,
full characterisation is often overly resource-intensive,
and we are also studying experimental techniques[3]
to extract useful information without calculating the
entire superoperator. Finally, for the characterisation
of multi-photon entangled states[4], it is often neces-
sary to generalize tomographic techniques to take into
account the existence of information which is experi-
mentally inaccessible. We will present results charac-
terizing states of two and three photons with partially
distinguishing information in degrees of freedom be-
yond experimental control (see Fig. 1).

As the technologies for manipulating individual

Figure 1: The characterisation of partially-
distinguishable states of two photons breaks up
into a 3x3 density matrix for the triplet states, and
a 1x1 density matrix for the singlet state (which
vanishes when there is no distinguishing information).

quantum systems progress, process tomography and
its variants and competitors will play a central role.
Much work remains to be done to identify the optimal
methods for characterizing quantum systems and their
evolution as a function of their size and the type of in-
formation needed, as well as methods for interpreting
and applying this information.
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Corresponding author: T. Coudreau (thomas.coudreau@spectro.jussieu.fr)

The dynamic and promising field of quantum infor-
mation with continuous variables aroused a lot of in-
terest and a large number of practical applications has
been proposed and implemented [1]. Continuous vari-
able entanglement plays a central role and constitutes
the basic requisite of most of these developments.

We present here the quantum properties of an orig-
inal device called a ”self-phase-locked Optical Para-
metric Oscillator”, which consists of a type-II OPO
with a quarter-wave plate inserted inside the cavity
[2]. The plate, which can be rotated relative to the
principal axis of the crystal, adds a linear coupling
between the orthogonally polarized signal and idler
fields. It has been shown theoretically that such a de-
vice above threshold opens the possibility to produce
frequency-degenerate bright EPR beams thanks to the
all- optical phase-locking resulting from this coupling
[3]. This device exhibits a very rich behavior which is
also present below threshold.

When the plate is rotated, optimal correlations
and anti-correlations are predicted on non-orthogonal
quadratures. In order to extract the maximal entan-
glement, an operation has to be performed simultane-
ously on both beams. This operation, which can be
implemented using a set of birefringent plates, is best
characterized using the covariance matrix formalism,
which in particular allows to find the optimal opera-
tion with respect to entanglement measures like the
logarithmic negativity [4]. We show that the opti-
mal entanglement is found for the uncorrelated modes,
i.e. when the correlations and anti-correlations are re-
stored on orthogonal quadratures corresponding to a
theoretical increase of the logarithmic negativity of
10 % with experimentally realistic parameters.

The maximal entanglement is also measured via the
Duan and Simon inseparability criterion [5] defined as
the half sum of the squeezed variances of the ±45◦ ro-
tated modes, which are recorded simultaneously. The
experimental inseparability has a value of 0.33± 0.02,
well below the unit limit for inseparability [6]. This
entanglement corresponds to an entanglement of for-

mation [7] of 1.1 ± 0.1 ebits. To our knowledge, our
setup generates the best EPR entangled beams ever
produced in the continuous variable regime.
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It is well known that cavity QED offers a num-
ber of possibilities to generate nonclassical states of
light. Various schemes have been presented for us-
ing in-cavity generated nonclassical states of light in
very wide-spread applications, where almost perfect
quantum-state extraction is required. In this contri-
bution, we study the input-output problem under real-
istic conditions, by taking into account both radiative
and nonradiative (absorption) losses, which in case of
high-Q cavities are typically of the same order of mag-
nitude.

Starting from the exact macroscopic Maxwell equa-
tions for the electromagnetic field inside and outside
a cavity, we quantize the field, following Ref. [1],
by usage of a source-quantity representation of the
field in terms of the classical Green-tensor and ap-
propriately chosen bosonic-field variables. Consider-
ing a one-dimensional cavity filled with some dielectric
medium and bounded with a perfectly reflecting mir-
ror and a fractionally transparent mirror which may
be thought of as being a dispersing and absorbing pla-
nar dielectric multilayer structure, the cavity can be
described in terms of a spatially stepwise permittiv-
ity [2], which – as a complex function of frequency –
satisfies the Kramers-Kronig relations, thereby includ-
ing the absorption losses. Moreover, additional active
light sources may be located inside the cavity, which
interact with the cavity-assisted electromagnetic field
via an (effective) interaction Hamiltonian Ĥint.

We show that photon annihilation operators asso-
ciated with the cavity-field resonances can be intro-
duced, which obey Langevin-type equations

˙̂acav = −i
(

ωcav − i
2Γ

)

âcav +
1

ih̄

[

âcav, Ĥint

]

(1)

+
( c

2l

)
1

2

[

T (c)b̂in(t)+A
(c)
+ ĉ+(t)+A

(c)
− ĉ−(t)+A(c)ĉ(t)

]

PSfrag replacements

âcav

ĉ

ĉ
−

ĉ+

b̂in

b̂out

Figure 1: Cavity with nonradiative losses.

and that the operator input-output relations read

b̂out(t) =
( c

2l

)1/2

T (o)âcav(t) + R(o)b̂in(t)

+ A
(o)
+ ĉ+(t) + A

(o)
− ĉ−(t) (2)

(l, cavity length; T (c,o), transmission coefficients; R(o),

reflection coefficient; A(c), A
(c,o)
± , absorption coeffi-

cients). The third term on the right-hand side of
Eq. (1) is the generalized operator Langevin noise
force, which takes into account not only the input cou-
pling [∼ b̂in(t)] but also the absorption losses inside the
cavity [∼ ĉ(t)] and inside the fractionally transparent
mirror [∼ ĉ±(t)] (see Fig. 1). Using the input-output
relations (2), we then calculate the temporal evolution
of the quantum state of the outgoing field in terms of
the quantum state, the cavity field was initially pre-
pared in and give conditions under which an almost
perfect extraction of the cavity-field quantum state is
possible.
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Techniques of cavity QED play an important role for
a number of proposals for quantum-state engineering
(see e.g. [1]) and transmission of quantum informa-
tion (see e.g. [2]). The underlying theory is based on
quantum Langevin equations and input-output rela-
tions [3, 4]. Usually it is assumed that the cavities are
lossless ones. However, for the best presently available
high-Q cavities the scattering and absorption losses
are of the same order of magnitude as the wanted out-
coupling of the field.

A description of the quantum state of the output
field in the presence of absorption/scattering losses
has been developed recently within the frame of quan-
tum noise theories [5]. It deals with the special situ-
ation of the outcoupling of the intracavity field when
the unwanted losses in the mirrors affect the intra-
cavity field but leave the input-output relations un-
changed – an approximation that may be justified in
case of vacuum input.

In the present contribution we deal with the com-
mon situation where non-vacuum input states must
be considered and a generalization of the input-output
relations is required. A possible way to derive such re-
lations consists in designing an adequate replacement
scheme, in which the additional loss channels are mod-
eled by beam splitters. The vacuum noise in their
unused input ports provide the quantum noise effects
that necessarily occur in connection with absorption
and scattering losses. In this manner, we derive gen-
eralized input-output relations and the corresponding
quantum Langevin equations and show that the re-
sults agree with the ones rigorously derived on the
basis of a QED approach to the electromagnetic field
inside and outside a cavity modeled by a dispersing
and absorbing dielectric multilayer structure [6].

The replacement schemes can be easily applied to
the study of single- and two-sided cavities. Also com-
plex systems of cavities connected by beam splitters,

such as they could be used for practical applications,
can be easily treated. Our concept is suited for de-
riving the fundamental quantum noise limits appear-
ing in such systems due to unavoidable losses. The
method also allows us to determine the optimum mode
structure for realizing the best incoupling and reflec-
tion conditions for nonclassical states in the presence
of absorption and scattering losses.
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We discuss a collective system of two level atoms in
a high quality dissipative cavity. Under given circum-
stances the cavity degree of freedom can be excluded
and the atomic system may be described by the non-
linear interaction Hamiltonian [1]:

H = h̄η(S+S− + 2n̄Sz) (1a)

= h̄η
[

S2 − S2
z + (2n̄ + 1)Sz

]

. (1b)

Here Si are collective spin operators derived from the
individual atomic operators, n̄ is the mean photon
number in the cavity, and η = g2∆/(κ2 + ∆2) is the
coupling constant. The coupling arises due to the
Lamb shift of the energy levels induced by the cav-
ity vacuum field, and depends on the atomic dipole
matrix element g, the cavity loss κ, and the detuning
∆ of the atomic transition from the cavity resonance.

We have shown that this collective interaction can
be used to implement quantum logic, and have pre-
sented explicit expressions for cnot gates for systems
of two and three atoms. For the construction of two
qubit quantum gates we have used an invariant ap-
proach [2]. Quantum gates for the three qubit system
were calculated combining the invariant method with
a spin-echo refocusing scheme.

We believe that this setup may find good appli-
cations in experiments which combine atom trapping
with a cavity [3]. The advantages over previous sim-
ilar proposals[4, 5] are that the requirements on cav-
ity life-time are more relaxed, and within our frame-
work cavities containing thermal states can be easily
dealt with. Furthermore, we use only two-level atoms
and no additional external control is required other
than those realizing one-qubit operations. However,
in our calculations we assume that the time required
for these one qubit operations is much shorter than
the characteristic time of the collective interaction.

Since the underlying description of the collective
system is valid for any number of atoms, further gen-

eralization to constructing quantum gates for more
qubits is suggestive.

It is notable that this collective Hamiltonian is also
realized in other systems such as trapped ions[6] or
magnetic molecules[7].
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Different approaches in quantifying environment in-
duced decoherence are considered [1]. We identify a
measure of decoherence, derived from the reduced den-
sity matrix of the system, that quantifies the environ-
mentally induced error, i.e., deviation from the ideal
isolated-system dynamics. This measure can be shown
to have several useful features. Its behavior as a func-
tion of time has no dependence on the initial condi-
tions, and is expected to be insensitive to the internal
dynamical time scales of the system, thus only probing
the decoherence-related time dependence. For a spin-
boson model—a prototype of a qubit interacting with
environment—we also demonstrate the property of ad-
ditivity: in the regime of the onset of decoherence, the
sum of the individual qubit error measures provides
an estimate of the error for a several-qubit system,
even if the qubits are entangled, which is improtant in
quantum-computing applications. This makes it pos-
sible to estimate decoherence for several-qubit quan-
tum computer gate designs.
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Figure: The maximal deviation norm D as a function
of time for the spin-boson model with the Ohmic
bath. The non-monotonic curves illustrate the be-
haviour of the norm ‖σ(t)‖λ for several initial choices
of density operator ρ(0).
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Solitons [1] are stable wave packets occurring in
many areas of the physical world, from tsunamis,
flocks of migrating arctic geese to light pulses in opti-
cal fibres [2]. Their stability stems from the non-linear
balance between dispersing and focusing processes. As
a feature of non-linear dynamics, the speed of a soli-
ton may depend on its amplitude. For example, the
height of a solitary water wave determines its veloc-
ity [1]. However, once a soliton is launched there is
usually no further control over its speed. Here we
show how to generate optical solitons in atomic media
that can be slowed down or accelerated at will. Ul-
timately, this method will allow the storage, retrieval
and possibly the manipulation of the quantum infor-
mation of solitons [2, 3] in media. This idea [4] extends
the simplest scheme [5] for slow-light propagation to
a genuinely non-linear regime.

Slow-light solitons allow the transfer of quantum in-
formation of optical solitons into the coherences of
atomic matter. We also show how fast solitons can
be used to read out the complete quantum state of
atomic levels. Imagine a gas cell filled with atoms hav-
ing a degenerate ground state and one excited state in
resonance with incident light. The optical polariza-
tion determines which one of the ground states the
light is interacting with. If the light pulse is a soliton
it will be split into two non-overlapping components
during propagation, one component that it is not in-
teracting with the matter and hence propagating at
the speed of light in vacuum and another much slower
self-induced-transparency soliton. The atomic matter
shows quantum birefringence. An experimentalist can
select one of the two components and perform a com-
plete measurement of the Stokes parameters of light,
which would correspond to a complete measurement
of the atomic state. After the measurement the atoms
are left in their original states, as a typical feature of
soliton propagation. Therefore, one may get the im-
pression that it seems to be possible to measure the
quantum state of atoms without affecting them. We
show, however, that due to the nonlinearity of soliton
propagation the soliton component will spontaneously

flip to the non-interacting polarization state, triggered
by minute fluctuations. Nonlinearity comes to the res-
cue of quantum mechanics.
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The application of quantum computers to the sim-
ulation of chaotic systems is discussed. In particular,
classical chaotic dynamical systems are considered. It
is shown that a quantum computer can speed up expo-
nentially the search of recurrence times and periodic
orbits for a restricted type of systems. Such quanti-
ties enable to reconstruct many dynamical quantities
of the system, and have been extensively studied in
the fields of classical and quantum chaos. The algo-
rithm has similarities with shor’s algorithm for fac-
toring large integers. For a larger class of systems,
the gain is polynomial, and uses Grover’s algorithm
of search in an unstructured database [1]. The simu-
lation of quantum chaotic maps on a quantum com-
puter is also studied. It is shown that random errors
on the quantum gates and static imperfections have
different effects depending on the physical quantities
measured. Different algorithms are envisioned, and
their efficiency and resilience to errors are compared.
Special emphasis is put on phase space distributions
and transport properties[2, 3, 4].
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By the process of stimulated emission of a single
photon in the mode of a coherent state we gener-
ate and characterize a new class of non-classical light
states, single-photon-added coherent states (SPACSs).
Being intermediate between a single-photon Fock state
and a coherent one, they offer the unique opportunity
to closely follow the smooth transition between the
particle-like and the wave-like behavior of light and to
witness the gradual change from the spontaneous to
the stimulated regimes of light emission.

Here we present their experimental generation and
complete phase-space characterization by means of
quantum homodyne tomography [1]. Being the re-
sult of the most elementary amplification process of
classical light fields by a single quantum of excitation,
SPACSs read as:

|α, 1〉 ∝ â† |α〉 (1)

where the application of the photon creation opera-
tor â† transforms a completely classical coherent state
|α〉 into a quantum state with a varying degree of non-
classicality that becomes more evident the smaller the
initial amplitude of the coherent state.

We use pulsed parametric amplification in a BBO
crystal as the basis for the production of SPACSs.
When only the pump is injected in the crystal, spon-
taneous parametric down-conversion takes place and
pairs of entangled photons are produced. A single-
photon Fock state is conditionally prepared in the sig-
nal channel upon detection of the correlated photon
in the idler one. In order to generate SPACSs, we
inject a seed coherent field |α〉 into the signal mode
of the parametric amplifier. Again, the conditional
preparation of the target state |α, 1〉 takes place every
time that a single photon is detected in the correlated
mode. By varying the intensity of the seed beam from
zero we observe the transformation of the circularly
symmetric Wigner function of the Fock state with
clear negative values around the origin toward the
Gaussian curve characteristic of a classical coherent
state (see Fig.1). A recently developed time-domain,

Figure 1: Figure 1. Experimentally reconstructed
Wigner functions of the single-photon-added coherent
states for increasing values of the seed classical beam.
The transition from a single-photon state to a classi-
cal coherent one with the appearance of a well-defined
phase is clearly illustrated.

high-frequency, homodyne tomography technique [2]
has been used to completely characterize these states
by means of a pulse-to-pulse analysis of the detectors’
difference photocurrent. The ability of our system to
work at the full repetition rate of the pulsed laser (82
MHz) substantially simplifies the detection scheme,
allowing the quantum states to be analyzed with an
overall detection efficiency of about 59%.
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In quantum optics the most “classical” pure states
of light are the coherent states: they are generated
by classical sources, and allow the replacement of
the photon creation and annihilation operators by c-
numbers in normally ordered expressions. Any state
that cannot be described as a mixture of coherent
states is called nonclassical. A natural question to
ask then, is how nonclassical a specific state is.

We propose entanglement potential EP as a quanti-
tative measure of nonclassicality for quantum states of
a single-mode electromagnetic field. It is the amount
of two-mode entanglement that can be generated from
the field using linear optics, auxiliary classical states
and ideal photodetectors.

The value of EP depends on the way the two-mode
entanglement is quantified: we employ the logarith-
mic negativity of Vidal and Werner. We also consider
the “entropic entanglement potential” EEP based on
the relative entropy of entanglement, which is more
difficult to compute, but gives more direct results.

We show that the optimal linear optics 1 mode → 2
modes entangler, independently of the input, consists
of a single beam splitter, with the vacuum as the aux-
iliary state. Thereby EP can be computed for finite
dimensional and Gaussian states, see also [1]. We give
analytical formulas for the EP and EEP of Fock states.
For coherent-state superpositions EP and EEP can be
calculated exactly, and we supply analytical approxi-
mations for Schrödinger cat states.

For Gaussian states we use the results of [2] and
obtain a particularly transparent formula. The EP is
given by the nonclassical part of the squeezing:

EP (S(r, φ)D(α)ρT D†(α)S†(r, φ)) =
r − rc

ln 2
, (1)

using the squeezed displaced thermal state
parametrization. Here rc = 1

2 ln(2Tr(ρT n̂) + 1)
is the nonclassicality threshold. We compare this
result with other quantitative measures of nonclas-
sicality, and with the EEP of pure Gaussian states.
EP also allows us to compare the persistance of non-
classicality of Gaussian states with other quantum
states in vacuum dissipation. This is illustrated in
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Figure 1: Entanglement Potential of various states in
a vacuum dissipation channel.

Fig. 1, where ECS denotes the even coherent state
|α〉 + |−α〉.

The EP detects nonclassicality, has a direct physical
interpretation, and can be computed efficiently. These
three properties together make it stand out from pre-
viously proposed nonclassicality measures [3, 4]. We
also discuss the connections to Hillery’s nonclassical
distance and Zurek’s ideas of classicality.
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Abstract
The Lie algebra su(2) of the classical group SU(2) is builded from two commuting quon

algebras for which the deformation parameter is a common root of unity. This construc-

tion leads to (i) a not very well-known polar decomposition of the generatorsJ− andJ+

of the group SU(2), withJ+ = J†− = HUr whereH is Hermitean andUr unitary, and

to (ii) an alternative to the{J2, Jz} quantization scheme, viz., the{J2, Ur} quantization

scheme. The representation theory of the group SU(2) can be developed in this non stan-

dard scheme. The key ideas for developing the Wigner-Racah algebra of the group SU(2)

in the{J2, Ur} scheme are given. In particular, some properties of the coupling and re-

coupling coefficients as well as the Wigner-Eckart theorem in the{J2, Ur} scheme are

examined in great detail.
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The construction of su(2) intelligent states pre-
sented by Aragone et al.[1] or Brif [2] is simplified
using a polynomial representation of su(2). The cor-
nerstone of the new construction is the diagonalization
of a 2 × 2 matrix. The method is sufficiently simple
to be easily extended to su(3), where one is required
to diagonalize a single 3× 3 matrix. For two perfectly
general su(3) operators, this diagonalization is tech-
nically possible but the procedure looses much of its
simplicity owing to the algebraic form of the roots of
a cubic equation. Simplified expressions can be ob-
tained by specializing the choice of su(3) operators.
This simpler construction will be discussed in details.
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4-Vector Field and Indefinite Metrics

Valeri V. Dvoeglazov1

1Corresponding author: Facultad de F́ısica, Universidad de Zacatecas,

Apartado Postal 636, Suc. UAZ Zacatecas, 98062, Zac., México
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Abstract

We generalize the Stueckelberg formalism in the

(1/2, 1/2) representation of the Lorentz Group [1, 2].

We analize the problem of the mass generation and of

the indefinite metrics from the modern viewpoints [3,

4].
Some relations to other modern-physics models are

found.
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Discrete and continuous tomographic representations in

signal analysis

Margarita A. Man’ko
P.N.Lebedev Physical Institute, Leninskii Prospect, 53, Moscow 119991 Russia

Review of different representations of signals includ-
ing the phase-space representations and tomographic
representations is presented. The signals under con-
sideration are either linear or nonlinear ones. The
linear signals satisfy linear quantumlike Schrödinger
and von Neumann equations. Nonlinear signals satisfy
nonlinear Schrödinger equations with cubic and other
types of nonlinearity as well as Gross–Pitaevskii equa-
tion describing solitons in Bose–Einstein condensate.
The Ville–Wigner distributions for solitons are con-
sidered in comparison with tomographic-probability
densities describing solitons completely.

Different kinds of tomographies — symplectic to-
mography, optical tomography and Fresnel tomogra-
phy are reviewed.

New kind of map of linear and nonlinear signals onto
probability distributions of discrete photon number-
like variable is discussed.

Mutual relations between different transformations
of signal functions are established in explicit form.
Examples of coherent states, squeezed states, generic
Gaussian states as well as such superpositions as
even and odd Schrödinger cat states are studied in
the phase space, tomographic and discrete photon
number-like probability representations, respectively.
Such characteristics of the signal probability distribu-
tion as information is introduced for this field and it is
suggested to describe the signal properties, e.g., soli-
tons in Bose–Einstein condensate.
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Finite Systems on Phase Space
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A shallow planar waveguide with a finite number
of sensors is a good example of the finite optical sys-
tems that we model with the group and algebra SO(3),
and a finite pixellated screen with SO(4). These finite
systems follow the dynamics of the harmonic oscilla-
tor, and the position, momentum, and energy eigen-
values are finite and equal in number, and are equally
spaced. (They are not periodic, as other finite mod-
els are; the two extreme points are actually on oppo-
site sides of the optical axis.) Finite systems with a
D-dimensional algebra have a D-dimensional ”meta”-
phase space, where a covariant Wigner function is
defined. In the SO(3) case the coordinates are po-
sition, momentum, and energy; and for the (2L+1)-
point waveguide, the Wigner function is concentrated
on a sphere of radius L (out of which one projects the
Stratonovich-Agarwal function). This leads naturally
to the fractional Fourier-Kravchuk and Hankel-Hahn
transforms for finite sets of points. (We note that the
finite Fourier transform cannot be fractionalized, as
can the integral one.) All results contract properly to
the well-known continuous integral cases in the limit
when L grows without bound.
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Quantizing the optical phase space

Sϕ,I = {ϕ mod 2π, I > 0} in terms of the group SO↑(1, 2)

Hans A. Kastrup

DESY Hamburg, Theory Group, Notkestr. 85, D-22603 Hamburg, Germany
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The problem of quantizing properly the canonical
pair “angle and action variables ”, ϕ and I, is al-
most as old as quantum mechanics itself and since
decades an intensively debated but still unsettled is-
sue in quantum optics.

The present paper proposes a new approach to the
problem, namely quantization in terms of the group
SO↑(1, 2), the “proper orthochronous” Lorentz group
in 1 “time” and 2 “space” dimensions. The crucial
point is that the phase space Sϕ,I = {ϕ mod 2π, I >
0} has the global structure S1×R+ (a simple cone with
the origin deleted) and cannot be quantized in the
conventional manner. The basic “canonical” variables
on Sϕ,I are the functions

h0 = I , h1 = I cos ϕ , h2 = −I sinϕ (1)

the Poisson brackets {h0(ϕ, I) , h1(ϕ, I)}ϕ,I etc. of
which obey the Lie algebra so(1, 2):

{h0, h1}ϕ,I = −h2 , {h0, h2}ϕ,I = h1 , (2)
{h1, h2}ϕ,I = h0 .

As the group SO(1, 2) acts appropriately on Sϕ,I

(transitively, effectively and Hamilton-like) its irre-
ducible unitary representations of the positive dis-
crete series (or those of one of its covering groups)
provide the proper quantum theoretical framework.
In that quantum theory the classical “observables”
hj , j = 0, 1, 2, are represented by the self-adjoint Lie
algebra generators K0,K1 and K2 of a unitary rep-
resentation, where K0 has the spectrum {k + n, n =
0, 1, . . . ; k > 0}. Here the “Bargmann index” k, a pos-
itive rational number, characterizes the ground state
of the system and the associated irreducible unitary
representation. One has k = 1, 2, . . . for the group
SO↑(1, 2) itself and k = 1/2, 1, 3/2, . . . for its 2-fold
covering groups SU(1, 1), SL(2, R) and the symplec-
tic group Sp(2, R) all of which are isomorphic. They
have the same Lie algebra as SO↑(1, 2).

A crucial consequence of this group theoretical
quantization scheme is that the classical Pythagorean
relation h2

1 + h2
2 = h2

0 can be violated in the quantum

theory, because for an irreducible unitary representa-
tion of the positive discrete series on has

K2
1 + K2

2 = K2
0 + k (1− k) . (3)

For each irreducible unitary representation one can
define three different types of coherent states (“Barut-
Girardello”, “Schrödinger-Glauber” and “Perelomov”
ones), characterized by complex numbers, namely the
eigenstates

(K0 + k)−aK−|k; z(a)〉 = z(a) |k; z(a)〉 , (4)
a = 0, 1/2, 1,

where K− = K1 − iK2, z(0), z(1/2) ∈ C , |z(1)| < 1.
The phases φ(a) of the complex numbers z(a) =
|z(a)| exp(i φ(a)) can be “measured” by means of the
operators K1 and K2 alone without introducing any
new phase operators:

〈k; z(a)|K1|k; z(a)〉 = ga(k; |z(a)|) cos φ(a) , (5)
〈k; z(a)|K2|k; z(a)〉 = −ga(k; |z(a)|) sin φ(a) , (6)

so that

tanφ(a) = −〈k; z(a)|K2|k; z(a)〉
〈k; z(a)|K1|k; z(a)〉

. (7)

The usual position and momentum operators Q = (a+
a+)/

√
2 and P = i(a+ − a)/

√
2 have the following

operator “polar coordinate” representation in terms
of the Kj :

a = (K0 + k)−1/2K−, a+ = K+(K0 + k)−1/2, (8)

where K± = K1 ± iK2.
Thus, one can replace the usual algebraic ba-

sis {Q, P, 1} of quantum mechanics by the basis
{K1, K2, K0} of the Lie algebra so(1, 2)!

Examples: Harmonic oscillator (which has k =
1/2), interference pattern in quantum optics etc.
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Optics after Einstein

Y. S. Kim1

Department of Physics, University of Maryland,

College Park, Maryland 20742, U.S.A.

Abstract

Einstein formulated his special relativity and the concept of photons one
hundred years ago. After the formulation of quantum mechanics in 1927, pho-
tons became quantum entities in the Lorentz covariant world. As Isaac Newton
had to invent calculus to explain his second law, Einstein had to introduce the
Lorentz group to formulate his relativity. The role of the Lorentz group is not
restricted relativity. First of all, it requires the Lorentz covariance to define
photons as massless particles. Furthermore, the present form of quantum elec-
trodynamics is a representation of the Lorentz group. It is known that coherent
and squeezed states are also representations of the Lorentz group. It has been
recently established that classical ray optics consists of two-by-two representa-
tions of the Lorentz group. It is shown in particular that the Poincaré sphere
is a representation of the Lorentz group. As for the current issue of decoher-
ence, the problem can be formulated as the symmetry problem defined over the
deSitter group O(3,2) which, with its two time variables, couples two Lorentz
groups. The information lost in one Lorentz world can be stored in the other
world. This two-world model serves as an illustrative example of Feynman’s rest
of the universe which encompasses much of the current ideas of entanglement.

1electronic address: yskim@physics.umd.edu
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Analogue Quantum Computing

Donald Spector

Department of Physics, Hobart and William Smith Colleges, Geneva, New York 14456, USA

Corresponding author: Donald Spector (spector@hws.edu)

Just as LRC circuits have been used to simulate
the behavior of certain second- order differential equa-
tions, so can systems governed by quantum Hamilto-
nians be used to model various aspects of number the-
ory. These quantum mechanical systems thus provide
quantum instances of analogue computation. The cor-
responding connection between quantum physics and
number theory, which extends ideas from [1] and [2],
offers a rich set of results and possibilities, enabling us
to apply the tools of quantum mechanics (such as sym-
metries) to questions in number theory, and to apply
the insights of number theory to quantum mechanics.

The fundamental basis for this connection is the
natural mapping that exists from the positive integers
to the eigenvalues (or, in some cases, to the eigenfunc-
tions) of a Hamiltonian with a purely discrete spec-
trum. As I show, the analysis of statistical mechanical
partition functions provides an especially useful way
to take advantage of this connection.

For the initial application of this approach to model-
ing number theory with quantum mechanics, I explore
the use of the harmonic oscillator Hamiltonian as a
means of representing the integers, through its energy
spectrum. Tools such as bosonization/fermionization
and series expansions provide the means to employ
physical arguments to obtain identities and other re-
sults involving various sums and other properties of
the integers. Indeed, the more general notion that dif-
ferential operators can be used to represent the sets of
numbers corresponding to their spectra is a powerful
one, and I discuss the further consequences of such a
technique.

This talk goes on to explore the formulation of
quantum theories with logarithmic spectra, as these
models provide a physical realization of the theory of
arithmetic functions. In the context of these theories,
which are known as “arithmetic quantum theories,”
one finds that quantum mechanics provides tools —
especially symmetry-based tools — for studying such
notions as Dirichlet sums and Dirichlet convolution
that are essential to the study of arithmetic functions.
Using supersymmetry and generalizations thereof, I
establish a physical basis for interpolating in a natu-
ral way from one Dirichlet sum to another, and derive

duality-like equivalences between superficially distinct
quantum theories by invoking results of arithmetic
function theory.

These arithmetic quantum theories share an impor-
tant feature with string theory: they possess a max-
imal temperature, that is, a Hagedorn temperature.
The exact nature of the physics associated with the
Hagedorn temperature in string theory is unclear. By
examining the Hagedorn temperature in the arith-
metic quantum theories, I develop some new strate-
gies for addressing the Hagedorn temperature that are
based on studies of the Riemann zeta function. These
techniques may help clarify the physical nature of the
Hagedorn phenomenon.

The above examples provide a foundation for con-
sidering the use of quantum mechanics to model prob-
lems in number theory. By way of conclusion, I will
consider the broader implications of this viewpoint,
and some of the prospects for its further development.
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Entanglement of fractional orbital angular momentum
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When photons in a fundamental Gaussian beam are
sent through a spiral phase plate (SPP) [1], they ac-
quire an orbital angular momentum (OAM) of ` per
photon (in units of h̄), where ` depends on the step
height of the SPP. When ` is integer, the SPP is effec-
tively cylindrically symmetric. The output photons
then carry a phase twist which may appear in the
quantum entanglement of twin photons [2, 3]. When
` is non-integer, the SPP is incommensurable with
the photon wavelength; in this case the photon wave
function acquires a transverse dislocation line along
the radial edge of the SPP. This introduces new as-
pects in the twin-photon entanglement, in particular
since for half-integer ` one can identify two orthogo-
nal states with π-rotated dislocation lines. Our ex-
perimental approach is based on the appealing corre-
spondence between orthogonal polarization states and
orthogonal dislocation states.

In our experiment we use a polarization-
entanglement-type spontaneous parametric down-
conversion (SPDC) set-up, with the polarizers
replaced by SPPs with ` = 3.48±0.02 at λ = 813 nm.
The output of each SPP is coupled into a single-mode
fiber and then detected. The count rate of each
detector separately is reduced from 100% to about
90% upon insertion of the SPPs, showing that the
SPDC set-up has adequate spatial bandwidth for our
purpose. We also observed that, as expected, the
count rate of each detector separately is independent
of the orientation of its “own” SPP.

However, the coincidence count rate shows a fringe
when one SPP is rotated, the other remaining fixed.
We find, in agreement with theory [4], that this fringe
has a parabolic shape; this corresponds to the high
dimensionality of the Hilbert space involved. When
the orientation of the fixed SPP is changed, the fringe
shifts accordingly (we tried 4 orientations of the fixed
SPP). Within the context of quantum mechanics, this
observation implies entanglement of fractional OAM
states. This is supported by an analytical calculation

where we assume a separable (instead of entangled)
twin-photon state: in that case all fringes disappear.

The question may be raised whether we deal with
quantum nonlocality of the fractional OAM states.
For this, we need to violate a suitable Bell inequal-
ity. The standard 2D Bell criterion cannot be used,
contrary to what we proposed initially [4], essentially
since the two orthogonal SPP states referred to above
do not form a complete basis of the one-photon Hilbert
space explored by rotating the SPP. We are currently
working towards a solution of this problem.
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Light carries both energy and linear and angular
momentum. The total angular momentum contain an
orbital contribution associated with the spatial profile
of the light intensity and phase.[1] This orbital angular
momentum (OAM) is also exhibited by single photons,
embedded in the corresponding mode function that
describes the quantum state of the photon. Sponta-
neous parametric downconversion (SPDC) is a reliable
source of photons with entangled properties. The two-
photon state that it generates exhibit spatial entan-
glement, or correspondingly OAM entanglement[2],
thus yielding entanglement in a infinite-dimensional
Hilbert space. The corresponding multidimensional
entangled states, or qudits, provide higher dimen-
sional alphabets[3], thus enhancing the potential of
quantum techniques. In particular, it allows to pre-
pare photons in arbitrary engineered multidimensional
vector states of orbital angular momentum,[4] which
can be used to implement quantum protocols which
require higher dimensional Hilbert spaces.

Spatial quantum information can be encoded into
transverse spatial modes with an azimuthal phase de-
pendence of the form exp (inϕ), which are eigenstates
of the orbital angular momentum (OAM) operator.[1]
Controlling the characteristics of such encoding is an
issue of paramount importance. The implementation
of a d-dimensional quantum channel require the fea-
sibility of generating arbitrary engineered entangled
states, which can be implemented by controlling the
spatial shape of the beam that pumps that downcon-
verter source, or by a proper preparation of the down-
converting crystal by making use of transversely pat-
terned quasi-phase-matched gratings.

Most investigations concerning the OAM of the
downconverted photons in SPDC adressed collinear or
nearly collinear phase-matching geometries, in which
the pump, the signal and the idler photons propagate
almost along the same direction. If the pump beam is
a vortex beam with winding number l0, and the idler
photon is projected into a mode with winding number
l1, the OAM content of the signal photon, shows a

single peak at l2, so as to comply with the well known
selection rule l0 = l1 + l2. This selection rule seems
to describe correctly the OAM content observed in
some recent experiments[2]. Notwithstanding, as we
will show here, this is because the particular config-
uration used for SPDC. Noncollinear geometries are
known to introduce a variety of new features. In par-
ticular, we will consider configurations where photons
counterpropagate with respect to each or to the pump
beam.

So, generally speaking, the spatial shape, and cor-
respondingly, the OAM content of the downconverted
photons, depends on the general nonlinear configura-
tion chosen: the angle of emission of the downcon-
verted photons, the vorticity l0 and the width of the
pump beam, the length of the nonlinear crystal and
the value of the Poynting vector walk off of all in-
teracting waves in the SPDC. Here, we reveal how
the interplay of all these factors determines the OAM
content of the downconverted photons, and thus, the
requirements for arbitrary spatial encoding of quan-
tum information.
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A basic prerequisite for quantum information pro-
cessing is that of entanglement between degrees of
freedom carried by two spatially separate modes. In
the continuous variable regime, a standard way to pro-
duce Gaussian entanglement is to use a type II opti-
cal parametric oscillator or to interfere two squeezed
beams on a 50/50 beam splitter. In both cases, the
entangled degrees of freedom are carried by two dis-
tinct spatial modes as required in many quantum in-
formation protocols, examples being teleportation and
dense coding. However, what is sometimes overlooked
is the fact that a single squeezed beam also carries
entanglement. Conjugate quadratures of the spectral
modes symmetrically located around the optical car-
rier mode are both quantum mechanically correlated
with a degree equal to the degree of squeezing. The
drawback, however, is that the entangled degrees of
freedom are carried by a single spatial mode and are
therefore not useful for some quantum information
protocols. Here we present a method by which the
correlated sidebands can be separated into two spa-
tially distinct modes. The trick is to use the steep
spectral response of a Mach-Zehnder interferometer
with strongly unbalanced arm lengths. Due to differ-
ent time delays in the arms the two sidebands inter-
fere differently (destructively and constructively) such
that each of the two output modes carries one of the
entangled sidebands. After this separation, the corre-
lations were measured to be of quantum nature. By
these measurements we have experimentally proved
that the squeezing normally observed in the labora-
tory is due to strong correlations of conjugate quadra-
tures within a pair of sidebands.
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Figure 1: Scheme of the experiment.

Photon twins, or the correlated photon pairs ob-
tained by parametric downconversion process, repre-
sent a well established tool for a number of fundamen-
tal quantum physics experiments. While they have
been successfully applied for more than two decades,
new methods for the analysis of their properties are
still being developed.

Our method (see Fig. 1) relies on the detection of
photon twins using the intensified CCD camera [1, 2].
The advantages of this detection device are twofold:
(i) it provides massively multichannel detection that
provides information about photon number statistics;
(ii) it yields spatial information about the correlated
photon twins.

Despite its low detection efficiency, even raw ex-
perimental data show correlations between the signal
and idler photon numbers. Statistical reconstruction
based on maximum-likelihood method enables us to
obtain the joint signal-idler photon-number distribu-
tion at the output plane of the crystal. This distri-
bution violates an inequality valid for classical fields
by 50 standard deviations and almost perfect corre-
lations between signal and idler photon numbers are
recovered. Statistics of photon pairs have been iden-
tified to be Poissonian in our case. Quantum phase-
space quasi-distributions determined from experimen-
tal data show nonclassical features (negativity, oscil-
lations) and agree with theoretical predictions.

The spatial resolution of our detection device makes
it possible to directly determine the area of correla-

tion, i.e. the uncertainty of position of the idler photon
correlated with its detected signal twin, in the detec-
tion plane. In such a way, the radial and azimuthal
angles of correlation can be directly measured.
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I shall present a universal strategy for the control of
decay , decoherence and entanglement by time - de-
pendent perturbing fields . To demonstrate its broad
applicability , I shall discuss quantum state or fidelity
control in systems with either diagonal or off - diag-
onal coupling to a bath or a continuum , spatially
separated systems coupled to different baths, as well
as colliding systems with continuous - variable entan-
glement . Physical examples will be given in which
this strategy may be beneficial .
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I will demonstrate with a few examples from cav-
ity QED, optics and nano-mechanics that even in the
absence of precise control of experimental parameters
entanglement can be generated reliably.

In an array of nano-mechanical oscillators neigh-
bouring oscillators are generally separated by a few
nanometers, much to little to allow for individual ma-
nipulation. Nevertheless, the entanglement dynam-
ics [1] in interacting quantum systems can be used to
demonstrate that the sudden global change of a sys-
tem parameter is enough to create significant entan-
glement between distant oscillators [2]. The impact
of decoherence is investigated and shown to be of lit-
tle relevance for experimentally accessible parameter
regions.

0 10 20 30 40 50
0
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Figure 1: Amount of entanglement generated between
the ends of a chain of 8 oscillators. The vertical axis
shows the logairthmic negativity plotted against time.

We next consider two micro-wave cavities (see Fig.
2) can be entangled by atoms passing through both
cavities even if the velocity of these atoms or the pre-
cise interaction strength with the cavities are not pre-
cisely known. Indeed, I will demonstrate that even
with an uncertainty in the atom velocity of around
50% one an achieve fidelities exceeding 95%.

In a final example we will consider an atom that
couples to two distinct leaky optical cavities and is
driven by an external optical white noise field [4]. We
describe how entanglement between the light fields
sustained by two optical cavities arises in such a situa-
tion. The entanglement is maximized for intermediate
values of the cavity damping rates and the intensity of

Cavity A Cavity B

Detector

Preparation
State

CollimatorAtom Oven

Atomic Path

Figure 2: Schematic experimental layout for the en-
tanglement generation in cavity QED.

the white noise field, vanishing both for small and for
large values of these parameters and thus exhibiting a
stochastic-resonance-like behaviour. This example il-
lustrates the possibility of generating entanglement by
exclusively incoherent means and sheds new light on
the constructive role noise may play in certain tasks
of interest for quantum information processing.
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Géza Tóth1 and Otfried Gühne2

1Max-Planck-Institut für Quantenoptik, D-85748 Garching, Germany.
2Institut für Theoretische Physik, D-30167 Hannover, Germany.
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Stabilizer theory plays a central role in error correc-
tion and fault tolerant quantum computation. In this
talk we investigate how it can be used for constructing
sufficient conditions for entanglement [1]. These con-
ditions will be presented in the form of entanglement
witness operators.

An entanglement witness W is an observable which
has a positive or zero expectation value for all separa-
ble states, an a negative one on some entangled states
[2]

Tr(W%)
{ ≥ 0 for all separable %s.

< 0 for one entangled %e.
(1)

Thus a negative expectation value in an experiment
signals the presence of entanglement. In a typical ex-
periment one aims to prepare a pure state |Ψ〉, and
would like to detect it as entangled. While the prepa-
ration is never perfect, it is still expected that the
prepared mixed state is in the proximity of |Ψ〉. The
usual way to construct entanglement witnesses using
the knowledge of this state is

W̃ = c̃1− |Ψ〉〈Ψ|. (2)

Here c̃ is the smallest constant such that for every
product state Tr(%W̃) ≥ 0.

We propose to construct entanglement witnesses of
the form

W = c0 · 1−
∑

k

ckSk. (3)

Here ck’s are constants and Sk’s are stabilizing oper-
ators of the state |Ψ〉

Sk|Ψ〉 = |Ψ〉. (4)

All our criteria detect states close to Greenberger-
Horne-Zeilinger (GHZ) states, cluster and graph
states. Note that the stabilizing operators of these
states are locally measurable, i.e, they are the ten-
sor products of single-qubit operators. GHZ states
have intensively been studied as maximally entangled
states. Cluster and graph states [3] raised a lot of in-
terest, since they allow for measurement based quan-
tum computing. They naturally arise in spin chains,

and their entanglement is more immune to noise than
that of the GHZ state.

Let us see some concrete examples. A generator
of the group of operators stabilizing an N -qubit GHZ
state is given by

S
(GHZN )
1 :=

N∏

k=1

X(k),

S
(GHZN )
k := Z(k−1)Z(k) for k = 2, 3, ..., N, (5)

where X and Z are Pauli spin matrices. The following
witness detects entangled states close to a GHZ state

W1 = 1− S
(GHZN )
1 − S

(GHZN )
k , (6)

where k ≥ 2. A witness detecting states with genuine
N -qubit entanglement is given by

W2 := 3 · 1− 2
[
S

(GHZN )
1 + 1

2
+

N∏

k=2

S
(GHZN )
k + 1

2

]
.

(7)
It is important from the experimental point of view

that our constructions are robust against noise and
they make it possible to detect multi-qubit entangle-
ment with the minimal two local measurement set-
tings. Note that with other methods the number of
settings increases rapidly with N .

Beside entanglement witnesses, nonlinear entangle-
ment conditions will also be constructed using the sta-
bilizer theory. We also discuss interesting connections
between the witnesses and some Bell inequalities.
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Using ultrafast lasers for generating entangled pho-
ton pairs is desirable for applications that require
high temporal resolution. However, spectral distin-
guishability of the downconverted photon pairs un-
der pulsed pumping causes Hong-Ou-Mandel (HOM)
interferometric measurements to have poor visibility
[1]. A remedy to this problem is found by creating
photon pairs with identical spectral properties using
type-II phase-matched spontaneous parametric down-
conversion (SPDC) under extended phase matching
(EPM) conditions [2]. We show that pulsed pumping
under EPM conditions yields coincident-frequency en-
tanglement and high HOM visibility.

In extended phase matching both the conventional
phase matching function and its first frequency deriva-
tive must be zero to enforce group velocity matching,
which in turn ensures spectral indistinguishability in
the down-converted photons [2]. We used a 10-mm
long periodically poled KTiOPO4 (PPKTP) crystal
for coincident-frequency generation under EPM con-
ditions, which are satisfied at a pump wavelength of
∼792 nm and a grating period of 46.15µm. The down-
converted outputs were sent into a fiber-based HOM
interferometer for analysis using a pair of InGaAs
single-photon counters for coincidence detection.

We first performed HOM measurements under
continuous-wave (cw) pumping at a pump wave-
length of 792 nm. Fitting the data with the expected
triangular-shaped HOM dip (Fig. 1(a)) yields a vis-
ibility of 95 ± 5% and a biphoton coherence time of
1.42±0.26 ps. For the pulsed case, the same setup was
used with a pump centered at 790 nm and with a 3-
dB bandwidth of 6 nm. Figure 1(b) shows the pulsed
HOM measurements, made without any spectral fil-
tering, yielding a visibility of 85± 7% and a biphoton
coherence time τc = 1.3 ± 0.3 ps. Signal and idler
autocorrelation measurements give single-photon co-
herence times of 380 fs and 350 fs, respectively, which
are much shorter than the biphoton coherence time.
The large difference between the biphoton coherence
time and the single-photon coherence times demon-
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Figure 1: HOM measurements under (a) cw and (b)
pulsed pumping. Coincident counts are plotted ver-
sus air gap displacement in one arm of the HOM in-
terferometer. Solid lines are theoretical fits to data
assuming a triangular-shaped HOM dip. See text for
measured visibilities and biphoton coherence times.

strates that the down-converted light was coincident-
frequency entangled [3].

This work is the first reported observation of high
HOM visibility in pulsed SPDC without the use of
spectral filtering and in which the pump bandwidth is
much larger than the biphoton coherence bandwidth
of ∼2.5 nm. This type of entanglement can be used
in a broad variety of applications ranging from lin-
ear optics quantum computing [4] to enhanced timing
measurements beyond the standard quantum limit [5].
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Entanglement is at the heart of current development
of quantum information processing. Entanglement-
assisted communication can enlarge the channel ca-
pacity and enhance channel efficiency. Entanglement
may play a key role in secure communication. The
generation and characterization of entanglement has
been studied extensively for continuous variables. In
particular, a recent experimental advance realized the
generation of entanglement, for example, by using the
parametric down conversion [1].

Most devices including a beam splitter, a phase
shifter and a squeezer, which are now standard in
quantum optics laboratories, are theoretically de-
scribed as linear transformers in phase space. Paris
and Kim et al. studied a beam splitter as an entan-
gler and found initial conditions to see entanglement
in the output from a beam splitter [2]. A device de-
scribed by a linear transformation has also an impor-
tant property to keep a Gaussian state as a Gaussian
state.

While there are two inputs and two outputs in a
beam splitter, we may think of a linear-transformation
device which takes N number of modes as an input
and gives M number of modes as an output with N

and M any natural numbers [3]. The role of entangle-
ment in delocalized architectures of a device for quan-
tum information processing has been investigated un-
der many aspects. Entanglement between distant sites
of a distributed register is found to be a fundamen-
tal requisite to optimise communication protocols and
perform efficient quantum computation. In this con-
text, an entanglement distributor creates an entangled
network of the elements of a register that, otherwise,
have no direct reciprocal interaction. The efficiency of
the distributor can be quantified, from case to case, by
the number of elements that can be entangled per sin-
gle use of the distributor or by the amount of bipartite
entanglement shared by any two of them. In this re-
spect, the choice of the most appropriate design of the
distributor is a problem-dependent issue with no gen-
eral recipe. An interesting configuration (allowing for
a large entangled network) will be a polygamy-style

system in which an elected element interacts simul-
taneously with many other independent subsystems.
This may be a particular type of a N -input/M -output
linear-transformation device we study.

In this presentation we investigate the entangling
properties of a device described by a general linear
transformation in phase space. We find a simple for-
mula to determine the sufficient and necessary condi-
tion to entangle output fields for Gaussian input fields
when a linear transformation device is used. The in-
teraction Hamiltonian we suggest acts on a multipar-
tite bosonic network whose evolution can be tracked
analytically, element by element, both in the discrete
and the continuous variable case.
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Entanglement of photons has come a long way from
the old atomic cascade sources used in early tests of
Bell’s inequality. Parametric down-conversion in χ(2)-
nonlinear optical crystals has led the whole field of
quantum optical experiments to incredible successes,
such as the demonstration of quantum teleportation
[1]. Today, the proposals for optical quantum com-
puters, quantum key distribution, and applications in
metrology create an ever bigger demand for highly en-
tangled states of photons [2].

Entangled photon pairs are only a starting point
from which more complex entangled states, such as
GHZ, W, and cluster states are being created by in-
terferometric and post-selection techniques. In quan-
tum key distribution, entangled photon pairs compete
with single photons for high communication and low
error rates. Entangled photon pairs can also help cali-
brate detectors or work as reference radiation sources.
In all the cases it is the correlations between the two
photons of a pair that yield the nonclassical features.

Because technology is never good enough we are
constantly searching for better solutions. With the
presently most popular source, i.e. parametric down-
conversion in bulk crystals of BBO one is limited in
several ways. The material properties of BBO, such as
the dispersion, are fixed and it is uncertain whether
other crystals will be found that have better prop-
erties. Further, parametric down-conversion has the
fundamental problem that the pairs occur randomly
with thermal statistics. Therefore, in many applica-
tions errors will occur, if two pairs are being created
instead of one.

We therefore propose to use various semiconductor
micro- and nanostructures to get improved efficiency,
better spectral properties and single photon pair per-
formance. To this end I will review some properties
of semiconductor microcavities [3], photonic crystals
and quantum dots [4]. I will then show how we are
going to use the various structures to tackle each of
the problems. Microcavities and photonic crystals are
promising high conversion efficiencies with dispersion
properties that make them suitable for use with ultra-
fast lasers. In defect waveguides in slab-type photonic
crystal waveguides, in particular, we ca engineer the

bands and modes to have zero relative group disper-
sion. Quantum dots on the other hand have poten-
tial to become sources of individual entangled photon
pairs, if only a suitable degree of freedom is used for
the entanglement [5].
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Second-order interference and Hanbury-Brown and Twiss type experiments can provide an operational frame-
work for the construction of witness operators that can test classical and nonclassical properties of a Gaussian
squeezed state (GSS), and provide entanglement witness operators to study the separability properties of cor-
related Gaussian squeezed sates.
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Why textbooks are wrong

Dirk-Gunnar Welsch and Christian Raabe

Theoretisch-Physikalisches Institut, Friedrich-Schiller-Universität Jena,

Max-Wien-Platz 1, 07743 Jena, Germany

Corresponding author: Dirk-Gunnar Welsch (D.-G.Welsch@tpi.uni-jena.de)

The problem of appropriately defining energy
and/or momentum of the macroscopic electromag-
netic field in linear, causal media has been a subject of
controversial discussions for a long time. In this con-
text, approximations like quasimonochromatic fields
or lossless media have typically been employed to de-
rive local balance equations from the phenomenologi-
cal Maxwell equations. Although the meaning of the
emerging expressions often has not been clear at all,
they have been taken for granted in the study of QED
effects associated with media, without worrying about
their limitations. A typical example, which has even
entered textbooks, has been the incorrect extension of
the well-known Lifshitz formula for the Casimir force
between two planar dielectric bodies separated by vac-
uum to the case where the interspace is not empty but
filled with a medium.

To answer the question of the effect of a medium, we
first present general expressions for the Casimir force
acting on linearly responding magnetodielectric bod-
ies, which are not necessarily placed in vacuum but
may also be surrounded by a linear magnetodielectric
medium, basing our calculations on exact QED in lin-
ear, causal media [1]. Material dispersion and absorp-
tion are fully taken into account. In our approach, the
Lorentz force acting on the internal charges and cur-
rents of the medium is regarded as the basic quantity,
with the internal charges and currents being expressed
in terms of the medium polarization and magnetiza-
tion. It is shown that the result is in full agreement
with microscopic oscillator models, which are widely
used for the description of linear media. In particular,
the result reveals that the use of Minkowski’s stress
tensor in the calculation of Casimir forces—a method
employed in the literature—is wrong even for a non-
absorbing medium.

We have applied the theory to planar structures,
with special emphasis on two multilayered plates the
interspace between which is filled with a medium, and
on a homogeneous plate embedded in a planar cavity
filled with a medium (see Fig. 1). The generalized Lif-
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Figure 1: Casimir plate embedded in a nonempty pla-
nar cavity.

shitz formula obtained in the former case shows that—
in contrast to the belief in the literature—the Casimir
stress depends on the position within the interspace in
general. In the latter case, standard approximations
(such as the assumption of almost perfect reflection)
lead to a force (per unit area) of

F =
h̄cπ2

240
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(
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1

3εµ

) (
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d4
3

−
1

d4
1

)

,

which for d1(3) →∞ is the generalization of Casimir’s
well-known original formula. Comparison with the
force formula

F (M) =
h̄cπ2

240

√

µ

ε

(

1

d4
3

−
1

d4
1

)

,

which may be found on the basis of Minkowski’s stress
tensor and has erroneously been predicted (for µ =1)
in the literature, clearly shows that if the plate is em-
bedded in a medium (of static permittivity ε and per-
meability µ), then the correct force can noticeably dif-
fer from the erroneously predicted one.
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LPTHE, Universités Paris 6 et 7, et CNRS UMR 7589, 4 place Jussieu, 75252 Paris Cedex 05, France

doucot@lpthe.jussieu.fr



Figure 1: Ground-state splitting induced by a
quenched disorder in the quantum Ising model with
non-local symmetries for 16 and 25 site systems. The
horizontal axis is an anisotropy parameter which is
naturally present in the model. Note that as soon as
Jx/Jz is larger than 1.2, this disorder-induced split-
ting decreases very rapidly after a small increase in
the system size, suggesting that such a system can be
to a large extent protected from environmental noise.

One of the most serious problem raised by attempts
to build devices based on qubits is the decoherence in-
duced by the residual couplings between these small
systems and their environment. Instead of trying to
eliminate this quantum noise, an alternative strat-
egy has been proposed some years ago by Kitaev[1],
namely to build quantum circuits which would be to
a large extent insensitive to external perturbations.
This is achieved by a deeply non-local coding of the
information in terms of many-body wave-functions.

I’ll present two types of superconducting arrays
which exhibit degenerate ground-states relatively im-
mune to local noisy perturbations. The first type is
very closely related to a gauge theory with a discrete
local symmetry group[2, 3, 4]. The second one sim-
ulates a quantum Ising-like model with a set of an-
ticommuting non-local symmetries attached to rows
and columns of the lattice and is closely related to an
Abelian Chern-Simons lattice gauge theory[5]. The

above figure refers to this latter model, and shows that
its ground-state degeneracy is very robust, even with
the presence of some rather large static disorder.
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A number of different schemes e.g. trapped ions,
nuclear magnetic resonance in molecules and quantum
optical systems, have been studied extensively for em-
bodying quantum computation. However, non of the
above could be easily embedded in electronic circuitry
and scales up to provide the large numbers of qubits
required for useful computations.

Mesoscopic Josephson systems do offer this scalabil-
ity and therefore, play an important role in the imple-
mentation of the hardware for quantum information
processing devices. Of particular interest is their inter-
action with entangled electromagnetic fields and their
potential application in the areas such as teleporta-
tion, quantum information distribution, quantum se-
curity etc.

In previous work we have studied the interaction
of mesoscopic devices with non-classical electromag-
netic fields [1, 2]. Furthermore, we have also studied
the interaction of a monochromatic electromagnetic
field with two SQUID rings [3] taking into account
the coupling between the two SQUIDS. In this work
we study the interaction of two-mode entangled mi-
crowaves with two distant SQUID rings (i.e there is
no coupling between the two SQUIDs). We consider
the Hamiltonian describing the system and study in
detail its evolution as function of time. Each SQUID
ring is approximated as a two-level system interacting
with one of the two modes of the electromagnetic field
as shown in Fig.1. The two-mode electromagnetic field
can be classified as factorisable (uncorrelated), separa-
ble(classically correlated) or entangled (quantum me-
chanically correlated). Examples from all these cases
are considered and results show that the correspond-
ing Josephson currents in the two distant SQUID rings
are also correlated.

A. K. gratefully acknowledges financial support
from Nuffield Institute under the NUF-NAL04 and
Palermo University International Cooperation Divi-
sion under the project ‘Entanglement and decoherence
in mesoscopic systems’, 2003-2004.

Figure 1: Each mode of the electromagnetic field in-
teracts with each of the distant SQUID rings respec-
tively.

References

[1] A. Konstadopoulou, J. M. Hollingworth,
M. Everitt, A. Vourdas, T. D. Clark and J.
F. Ralph,, ”Mesoscopic Josephson arrays inter-
acting with non-classical electromagnetic fields
and their applications”, IEE Proc. Science,
Meas. Tech. 148, 229, (2001).

[2] A. Konstadopoulou, J. M. Hollingworth,
M. Everitt, A. Vourdas, T. D. Clark and J.
F. Ralph, ”Vortices in Josephson arrays interact-
ing with non-classical microwaves: The effect of
dissipation”, Eur. Phys. J. B32, 279 (2003).

[3] R. Migliore, A. Konstadopoulou, A. Vourdas,
T.P.Spiller, and A. Messina, ”Entangling gates
using Josephson circuits”, Phys. Lett. A319, 67,
(2003).

ICSSUR'05, Besançon, May 2-6, 2005

-93-



Cavity field mesoscopic superposition states: generation

and decoherence in a strongly driven micromaser

F. Casagrande, A. Lulli
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The decay of the quantum coherence of pure states
is a central issue in understanding the boundary be-
tween microscopic and macroscopic world, and the
decoherence control is of primary importance for ad-
vances in the implementation of quantum gates. Cav-
ity quantum electrodynamics offers a suitable frame-
work for these studies [1]. Here we show that the deco-
herence of mesoscopic superposition states of the cav-
ity field can be observed in a simple system in cavity
QED [2]. Namely, in the strongly driven micromaser,
that is a micromaser where an additional classical field
strongly drives the atoms inside the cavity [3]. This
system is a rather unusual example of an exactly solv-
able quantum open system. Furthermore its imple-
mentation appears quite feasible.

We consider atom-atom correlations at steady-
state. Due to solvable system dynamics, we can an-
alytically describe in phase space, by the quantum
characteristic function, all stages of atom pair corre-
lation measurements. In these processes the detection
of the first atom prepares a pure cavity field state,
which entangles with the second atom that acts as
a meter. We find that the decoherence of quantum
superpositions of field states shows up for increasing
interaction time tint as these states develop a meso-
scopic separation between their components in phase
space, ruled by a parameter that is proportional to
tint. Decoherence dynamics is fully described via con-
ditional probabilities for the atomic pair detections,
that are independent of the atomic pumping rate. The
decoherent behavior is derived for short enough time
intervals between the two atomic measurements and
large enough interaction times. The decoherence rate
scales as the squared interaction time, corresponding
to the inverse number of quanta in the field state and
to the squared distance in phase space. More precisely,
the ratio of decoherent to dissipative decay rate is:
γdec/γdis = (gtint)2/2, where g is the frequency cou-
pling.

In a very low atomic pumping limit the scheme can
work even starting from the cavity field vacuum state,
where the same conditional probabilities calculated at

steady-state describe the decoherence of the so-called
Schrödinger cat states, observed in cavity QED [4]. In
the present system however there is no need for ma-
nipulations of the atomic states before or after their
transit in the cavity. Simply, for decreasing pumping
rate, the cat states gradually emerge in phase space
from their quintessential steady-state versions, while
the mesoscopic separation remains fixed.
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Quantum effects are rarely observed through macroscopic 
measurements because statistical averaging over many 
states usually masks all evidence of discreteness. One of the 
notable exceptions is a quantum-mechanical effect in the 
magnetization of a macroscopic ferrite sample: quantum 
coherence of magnetic-dipolar oscillations in thin-film 
ferrite disks. In quasi-two-dimensional systems, the dipolar 
interaction can play an essential role in determine the 
magnetic properties. In these systems the short-range 
exchange interactions alone are not necessarily sufficient to 
establish a ferromagnetically ordered ground state. The 
theory of the magnetic-dipolar mode spectra is based on the 
notion of magnetostatic-potential wave functions. In a case 
of magnetic-dipolar oscillations in a normally magnetized 
thin-film ferrite disk, magnetostatic-potential wave 
functions acquire a special physical meaning. As it has been 
shown recently, in such a sample the confinement effect 
leads to the quantum-like properties for magnetic-dipolar 
oscillations, which are completely described by the 
magnetostatic-potential wave functions. The oscillations can 
be considered as the motion process of certain quasiparticles 
– the light magnons – having quantization of energy and 
characterizing by effective masses depending on the energy 
levels. For a case of magnetic-dipolar-mode ferrite disk one 
has the macroscopically quantized oscillating system which 
preserves the coherence [1]. Following an idea that external 
interactions should increase the probability of transition of a 
quantum system to other states leading to line broadening, it 
was shown recently that the environment may cause 
decoherence for magnetic oscillations [2]. 
    Together with such similarity with semiconductor 
quantum dots as discrete energy levels due to confinement 
phenomena, ferrite particles show other, very unique, 
properties attributed to the quantized-like systems. There 
are special symmetry properties. One of the features of 
magnetic-dipolar oscillations in a normally magnetized 
ferrite disk resonator is the presence of helicoidal surface 
magnetic currents. These currents lead to the parity 
violation effects in MS oscillations. In elementary particles 
and atomic physics, some models for parity violation are 
based on anapole moments, which were introduced by 
Zel’dovich in 1957. It is quite surprising to find that 
anapole-moment properties can also explain the parity-
violating couplings between disk-form ferrite particles and 
the external EM field [3]. Recent experiments show that 
magnetic-dipolar oscillations in a normally magnetized 
ferrite disk can be strongly affected by a normal component 
of the external RF electric field [2]. The anapole-moment 
model gives very convincing arguments for explaining these 

experimental data. The magnetoelectric (ME) effect is 
another macroscopic quantized effect in MS-wave ferrite 
resonators. This effect we predicted in 1996. Further 
experimental results demonstrated the ME effect in 
normally magnetized MS-wave flat ferrite resonators with 
special-form surface metallizations. One can characterize a 
ferrite ME particle as a “point source” with the coupled two 
(electric and magnetic) dipole moments. The ME fields 
produced by these ferrite particles have different symmetry 
properties from those of the usual EM fields [4,5].  
    The field of the study is important for understanding 
fundamental physical problems in magnetism and low-
dimensional systems, and developing new artificially 
engineered physical systems such, for example, as artificial 
materials [5] and quantum computation devices [6]. 
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The emergence of the classical properties of the
world from quantum mechanics has been a much de-
bated issue, since the advent of quantum theory. In
fact, the nonexistence of quantum superpositions at
the classical level has been a long-standing problem in
quantum mechanics, as emphasized by Schrödinger in
his famour “cat paradox.”

One knows now that decoherence, resulting from
the unavoidable coupling of the system with the envi-
ronment, destroys the quantum-mechanical coherent
behavior at a very fast pace for macroscopic objects.

Phase space is an ideal place to analyze this tran-
sition, since classical phase-space distributions can
readily be compared with the corresponding quam-
tum quasi-probability distributions. Among those,
the Wigner function plays an important role.

Even for initial states that are classically allowed,
one expects that the dynamics of the quantum and
the corresponding classical system should differ, af-
ter some time. Indeed, while for linear systems the
Wigner distribution obeys the same dynamical equa-
tion than the classical distribution, non-linearities will
eventually set the two distributions apart.

For classically chaotic systems, the separation time
can be very short, due to the exponential stretching
of the distribution, for positive Lyapunov coefficients,
which quickly allows the distribution to explore the
non-linearities of the system, even if the linear dimen-
sions of the initial wavepacket are smaller than the
typical nonlinear scale of the problem. The separation
time in this case has been shown by many authors to
scale as ln(S/h̄), where S is a typical action of the sys-
tem. Thus, even when S/h̄ is much larger than one,
the separation time can still be small, as compared to
a typical evolution time of the system.

Such logarithmic law may pose a problem to the
quantum-classical correspondence of macroscopic ob-
jects, leading to consequences that contradict obser-
vation [1]. Reconciliation of theory and observation
is provided by the irreversible coupling of the sys-
tem with a reservoir, which leads to the elimination
of quantum signatures, so that classical and quantum
evolutions remain alike for a longer time. This has
been demonstrated in several models, through numer-

ical and analytical considerations [2]. However, the
precise way in which the logarithmic law ceases to be
relevant for the quantum-classical separation has not
been determined so far.

In this presentation, we establish for the kicked
harmonic oscillator the dependence of the separation
between quantum and classical distributions on the
parameters that control macroscopicity, noise, and
chaotic behavior. These can be combined, for a wide
range of their values, in a single parameter, which gov-
erns the quantum-classical transition [3].

In the presence of noise, the relevant dimensionless
parameters correspond to the diffusion coefficient D,
the kicking strength K, and the Lamb-Dicke param-
eter η, which plays the role of an effective Planck’s
constant (it can be written as

√
h̄/S, where S is a

typical action of the system). We show that, in the
chaotic regime, for any finite diffusion coefficient, and
in the semiclassical limit η � 1, the distance between
the two distributions, defined as the integral of the
magnitude of their difference over all phase space, is
proportional to χ = Kη4/4D3/2, as long as χ<∼1. In
this regime, the time for which this distance peaks
is shown to be a logarithmic function of η. How-
ever, in this case the concept of separation time is
not meaningful anymore, since the two distributions
remain close together throughout the evolution.
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We study the dynamics of entanglement in spin
gases. A spin gas consists of a (large) number of in-
teracting particles whose random motion is described
classically while their internal degrees of freedom are
described quantum-mechanically.

We determine the natural entanglement that occurs
in such systems for specific types of quantum interac-
tions. At the same time, these systems provide mi-
croscopic models for non-Markovian decoherence: the
interaction of a group of particles with other particles
belonging to a background gas are treated exactly, and
differences between collective and non-collective deco-
herence processes are studied. We give quantitative
results for the Boltzmann gas and also for a lattice
gas, which could be realized by neutral atoms hopping
in an optical lattice. These models can be simulated
efficiently for systems of mesoscopic sizes (N ' 105).
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Strong coupling regime between excitons and
photons in planar semiconductor microcavities was
achieved more than ten years ago. In such a regime,
the system is described in terms of ”mixed” exciton-
photon quasiparticles, the cavity polaritons. These
composite bosons have very interesting properties, due
to their peculiar dispersion relation and their effi-
cient mutual coupling (Coulomb interaction via the
excitonic part) [1]. In recent years, several nonlin-
ear processes that involve polariton-polariton interac-
tions have been demonstrated, like parametric polari-
ton amplification and oscillation or optical bistabil-
ity. A growing attention is now devoted to the search
for quantum effects. Squeezing of the emitted field
has been observed in a geometry corresponding to de-
generate parametric amplification, and interpreted in
terms of squeezing of the polariton field. The nonde-
generate geometry is also highly promising in this re-
spect. Indeed the parametric process can be expected
to generate quantum correlated signal and idler polari-
ton fields (resp. polariton pairs) that will in turn emit
correlated light beams (resp. correlated photon pairs)
above (resp. below) threshold. The correlations above
the parametric threshold were studied theoretically in
Ref. [2] in the most widely used geometry, where po-
laritons are created by resonant laser excitation with
an in-plane wave vector kp, chosen to ensure the reso-
nance condition for the process {kp,kp} → {0, 2kp}.
It was shown that, if the two polaritons have the same
linewidth, perfect quantum correlations between the
intra-cavity polariton fields are expected, but they are
reduced in the outgoing light beams due to the very
different photon contents of the signal (' 0.5) and
idler (' 0.05) polaritons. Moreover, the intensities of
the signal and idler beams are in general very unbal-
anced (the intensity ratio can vary between 10 and 104

depending on the sample characteristics). All these
reasons make the observation of quantum correlations
in this configuration extremely difficult.

In this contribution, we investigate a novel geome-
try that eliminates the asymmetry between the signal

and idler fields. We report the experimental observa-
tion of a nonlinear process that produces signal and
idler polaritons with opposite wave vectors, hence the
same photon content and the same linewidth, which
allows maximal correlations between the signal and
idler beams. We have measured a correlation of about
0.6 (perfect correlations correspond to a value of 1, no
correlations to a value of 0) between the beams emit-
ted with opposite planar wave vectors. The measured
correlations are classical, meaning that the signal-idler
intensity difference is not squeezed. However, these re-
sults are very promising in view of the generation of
quantum correlated polariton modes.
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Colloidal CdSe/ZnS core shell nanocrystals have
been the focus of great interest because of their high
quantum yield and high photostability at room tem-
perature. These features make them promising emit-
ters for biological labeling, for the realization of de-
vices such as thin film LEDs or nanocrystal quantum
dots (QDs) lasers and also for quantum information.

In this paper, we first demonstrate the generation
by CdSe/ZnS nanocrystals of triggered single pho-
tons which could be used for quantum cryptography.
Under the pulsed excitation of a blue laser diode at
room temperature, single nanocrystals exhibit a flu-
orescence characterized by a perfect antibunching af-
ter background correction. Without any background
correction, multiphotonic emission is reduced by 25
compared to a faint pulsed laser.

We also discuss in details the photon collection effi-
ciency, which is a crucial parameter for the realization
of a practical single photon source [1]. We show that
the rate of emitted and detected photons per pulse is
equal to 7 %, one of the best result experimentally
obtained for a single photon source. We have ana-
lyzed the various factors which have to be taken into
account to explain this figure. This rate first origi-
nates from the quantum yield of our QDs. Using an
original method to control the spontaneous emission
rate, we measured the quantum efficiency of individual
nanocrystals. We found that it was greater than 95 %
[2]. Secondly, the overall optical collection efficiency of
our setup is equal to 12.5 %, which is very high for this
kind of single photons collection setups. This result
mainly comes from the intrinsic single photon gen-
eration at room temperature of CdSe QDs. Indeed,
Auger relaxation constants (∼ 20 ps) in CdSe/ZnS
QDs are much more lower than the radiative lifetime
(∼ 20 ns) which forbides multiexcitonic emission. As
a result, the use of spectral filtering which isolates the
first exciton emission of a single QD from the biexci-

tonic emission but which also introduces optical losses
is not required. Moreover operation at room temper-
ature enables to use a high numerical aperture oil im-
mersion objective. A detailed analysis showed that 72
% of emitted photons were collected by the objective
[3].

The main drawback of colloidal CdSe/ZnS is their
fluorescence intermittency. Although it has long been
considered as an intrinsic property of CdSe QDs, very
recent results [4] demonstrated that the intermittency
of single QDs could be significantly reduced by chem-
ical processes. These results indicate that CdSe/ZnS
nanocrystals are promising single-photon sources.
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CdSe nanocrystals are often studied as prototypical
colloidal quantum dots. They can be easily manipu-
lated and exhibit many promising optical properties,
like a broad absorption spectrum and a sharp emis-
sion line. Their emission wavelength can also be tuned
between 450 et 600 nm by controlling the nanocrys-
tals synthesis parameters. They have found a wide
range of applications from optoelectronic devices to
biological labelling or imaging. In the field of quantum
optics, triggered single photon emission under pulsed
excitation has been demonstrated recently [1].

The realization of a single photon source is of great
interest for quantum cryptography. In this case, the
coherence of the single photons emitted is not re-
quired. However, single photons could also be used
for quantum information processing. A recent pro-
posal is based on the interferences between various
photons [2]. For such an application, the coherence
of the single photons becomes crucial. One idea to
obtain coherent photons is to use single quantum sys-
tems the emission linewidth of which is not enlarged
by dephasing mechanism. The dipole coherence time
is then equal to twice the radiative lifetime. Interfer-
ometric studies for single self-assembled InAs/GaAs
quantum dots at low temperature have shown deco-
herence times as long as 650 ps [3], and two-photon
interferences have been demonstrated [4].

In this paper, we present the precise measurement
of the time coherence of the CdSe QD fluorescence. A
previous spectroscopic study of single CdSe nanocrys-
tals has shown the diffusion of the wavelength emission
over a few meV, related to changes in the electronic
environment [5]. At low temperature, where emission
linewidth are expected to be below 0.2 meV, direct
linewidth measurements are not possible, due to insuf-
ficient spectrometer resolution and spectral diffusion
during the duration of the measurement.

To get a higher resolution, we used a Michelson in-
terferometer. Classical interferogram analysis meth-

ods (like deconvolution or Fourier transform) cannot
be used due to spectral diffusion. We present an
original highly sensitive method, based on the time-
correlation between the photons detected at the two
interferometer outputs, and explain how this method
allows one to measure the coherence time of a single
emitter fluorescence despite wavelength and transla-
tion speed fluctuations at short time scale.

Interferometric measurements at room temperature
have led to linewidth values around 130 meV. At 4 K,
first measurements show typical linewidths of around
3 meV. This high value may result from non-resonant
excitation. We also present the temperature depen-
dance of the coherence time and the lineshape study.
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We investigate the nonclassicality of a
photon-subtracted Gaussian field (one where in a
sense the vacuum has been “cleaned” by
deletion) using negativity of the Wigner function
and the non-existence of well-behaved positive P
function. The subtraction process generates a
state with remarkably stronger nonclassicality
than the initial state.  We derive conditions to see
negativity of the Wigner function for the case of
a mixed Gaussian incoming field, including
threshold photodetection and experimentally
relevant inefficient homodyne measurement
procedures, and show how they may be used for
a test of the Bell inequalities.

Developments in quantum optics have
opened up a number of possibilities to generate
and manipulate various nonclassical light fields,
ones that cannot be described by classical theory.
The presence of a positive well-defined P
function (a quasiprobability function in phase
space) is often regarded as a signature that the
field can be regarded as classical; otherwise the
field is categorized as nonclassical. A stronger
constraint on nonclassicality is the presence of
negativity in the Wigner function of the field.
While a Gaussian field may not have a well-
behaved P function, its Wigner function never
becomes negative. A Gaussian field remains
Gaussian by linear transformations; these
correspond to basic tools of a quantum optics
laboratory: a phase shifter, a beam splitter and a
squeezer. Two better-known nonclassical fields
are a squeezed state and a superposition of two
separate coherent states. The two states are
closely related to fundamental paradoxes in
quantum theory, the Einstein-Podolsky-Rosen
paradox for a two-mode squeezed state and the
Schroedinger’s cat paradox for a coherent-state
superposition. They are also useful resources for
various schemes in quantum information

processing.
A squeezed state and a coherent-state

superposition manifest different types of
nonclassicality. Whereas a squeezed state is a
Gaussian field, a coherent state superposition is
non-Gaussian and shows a large amount of
negativity in its Wigner function. There were
early attempts to connect the two states by
subtracting a precise number of photons from a
squeezed field (see eg references in [1]). Any
quantum state can be generated from the vacuum
by application of the coherent displacement
operator and adding photons.  On the other hand,
by squeezing a single photon state one can
generate a state that has almost unit fidelity to a
coherent-state superposition of small amplitude.

It is only very recently that a travelling
non-Gaussian field was experimentally generated
by subtracting a photon from a squeezed vacuum
[2]. A beam splitter and a threshold detector was
used to subtract a photon from the squeezed
field; their reconstructed Wigner function failed
to show a negative value, due in part to the
nature of the subtraction procedures used.

A subtracted state forms a starting point
for the distillation of a continuous-variable field
for quantum information processing. We assess
the nonclassicality of a photon-subtracted
Gaussian field and study how similar this state is
to a coherent-state superposition.

Finally, we propose a Bell test for
continuous variables based on homodyne
detection using a conditionally prepared photon-
number entangled state that is a near-optimal
state [3] for Bell-inequality violations using
quadrature-phase homodyne measurements. The
scheme uses only beam splitters and
photodetection to conditionally prepare a non-
Gaussian state from a source of two-mode
minimally squeezed states, permitting a
loophole-free test of Bell inequalities.
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A review of the time symmetric approach to quan-
tum mechanics (the two-state vector formalism) which
includes new theoretical developments and recent ex-
perimental results is presented.

The two-state vector,

〈Φ| |Ψ〉 (1)

describes quantum systems at the intermediate time
between two measurements. In addition to the usual
quantum state evolving forward in time after measure-
ments in the past, |Ψ〉, we consider backward evolving
quantum state, 〈Φ|, evolving from the measurements
in the future relative to the considered time. The
description yields probability for results of all possi-
ble measurements at the intermediate time through
Aharonov-Bergman-Lebowitz [1] formula and its gen-
eralizations.

The formalism allows to see in a simple way peculiar
features of pre- and post-selected quantum systems
such as simultaneous dispersion-free values of non-
commutuing observables [2] and seemingly paradox-
ical situations in which a single quantum particle can
be found with certainty in separate locations [3]. Note
that these properties do not follow neither from pre-
selection |Ψ〉, nor from post-selection 〈Φ| separately,
but from pre- and post-selection together.

More generally, the two-state vector provides a com-
plete description of composite quantum systems in
particular points in space time. Some justification for
physical meaning of this picture is provided by the
possibility of measurement (in a demolition way) of
an arbitrary nonlocal variable [4].

The main argument for physical meaning of this de-
scription is universal validity of the concept of “weak
value” [5]. Weak values are the outcomes of stan-
dard quantum measurements with weakened coupling.
Weak measurement of a variable O performed on pre-
and post- selected system described by (1) yields the
weak value

Ow ≡ 〈Φ|O|Ψ〉
〈Φ|Ψ〉 . (2)

The weak value might be far away from the range
of the eigenvalues of O and the standard formalism

can explain this only as sophisticated interference phe-
nomenon of the pointer of the measuring device. Weak
values provide novel explanations of several unusual
quantum phenomena, e.g. “superluminal” tunneling
time [6]. Recently the group of Chiao in Berkeley,
demonstrated a relation between weak values and su-
perluminal and subluminal group velocity for light in
a medium [7]. A closely related experiment has been
performed by the group headed by Gisin [8]. Resch
et al. demonstrated, using weak measurements, the
paradoxical situation in which the particle is simulta-
neously located in two locations [9]. The interference
mechanism of “weak measurements” provides an am-
plification method for high precision measurements of
tiny parameters and weak signals which have not been
implemented yet.
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Quantum “teleportation” is considered to be an example of quantum non-locality. That is, 
the setting of a detector at one location can influence the outcome of measurements at 
another location even if separated by space-like distances. Einstein termed such effects as 
“spooky”. Others refer to it as quantum weirdness and quantum magic. Such terms do not 
help in understanding quantum non-locality. Recently Maudlin [1] described the 
properties that are required for the connection between EPR entangled pairs   
 

• They act only between specific particles,  
• They have the same effect independent of the distance of separation 
• The connection is instantaneous, i.e. faster that the speed of light and therefore in 

violation of relativity 
 
In this talk it is argued that these strange properties are a consequence of the 
interpretation of the wave function.  Does the wave function describes all we can know 
about a given system, say a molecule, or does it correspond to a statistical ensemble of 
similarly prepared states? It is shown that the latter interpretation is used then the local 
interpretation explains quantum “teleportation” [2]. Three experimental results of 
“teleportation” fit the local theory as well as, if not better, than the non-local theory. 
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Abstract

It is shown that it is possible to rule out all local and stochastic hidden variable models
accounting for the quantum mechanical predictions implied by almost any entangled quantum
state of any number of particles whose Hilbert spaces have arbitrary dimensions, without
resorting to Bell type inequalities. The present proof is the most general proof of “nonlocality
without inequalities” up to date existing in the literature since it deals with stochastic hidden
variable models, of which the deterministic ones are only a particular case, it works for
almost all entangled quantum states, it makes use of the mathematically precise notion of
Bell locality and, finally, it involves only simple set theoretic arguments.

1 Introduction.

In a seminal paper [1], L. Hardy showed that for all entangled, but not maximally entangled,
states of a bipartite system such that the Hilbert spaces of its constituents are two-dimensional,
one can prove nonlocality without resorting to inequalities. Let us briefly recall his assumptions
and conclusions.

1. He assumed realism, i.e., that there exist deterministic hidden variables which characterize
completely the state of each individual pair of particles and, consequently, that there is some
element of reality corresponding to single-particle observables, even when they are not measured.

2. He considered a situation in which definite measurement processes are performed at space-
like separated regions and, following Einstein’s point of view [2], he assumed locality i.e. that
the choice of a measurement on one particle cannot influence the situation concerning the other
particle and he resorted to typical EPR-counterfactual arguments [3].

3. Finally, by a smart use of his assumptions he proved that no local deterministic hidden
variable theory can reproduce the quantum predictions for the system under consideration.

∗Work supported in part by Istituto Nazionale di Fisica Nucleare, Sezione di Trieste, Italy
†e-mail: ghirardi@ts.infn.it
‡e-mail: marinatto@ts.infn.it

1

ICSSUR'05, Besançon, May 2-6, 2005

-105-



������� ��		
������ �	���
	 ���� ���� �
��

��� ������ 	�
���� ��������� ��� 	�������� 	����
	����� �������� �������� ������� ������� ��������� � ��������� ��� ������������ ���������

 !!"# �$���� �����"��� 	%�� & '"#()#� *�+��

�����+����� �����, ��� ����� -
�������.����/�/0+1

� ����� ��� 2������ ��������� +����� �� ��"
������ �����%�� ���� %��� +������� ����� � ���
2��������� ��+�������/ 3�4����� ��� �2���
�� ������
� 2��������� ��+�������� ��� ��������� ��4������
���� %��$��� ������ ��� ����� %���� � 2������ ��"
������� �$�� %���� �� ������� %��$ ��� ���"����
������ �������� ��� ��� 5��� ����������� ���� � %�
�������� ������ ���� ��� 2��������� ��+�������/ ��"
������� ��� ������2�� � ��������� +��+������ +���
� $�� � �++�� ��� �$�� %���� �� 2������ �����"
���� 5���� 6'7/ ����� $� ��+�� �� �8+������� �
2������ ��������� �������� %� ����� ������2�� �
��������� +��+������/

�$ ����+������ ���� � 2������"��������� �$��
%���� �� '9&( �� $��� ��+���� �� �� �8+�������/
��� �$ ���� � ������� +����
�� �$�� %���� $���
������� ����� �$ +����
��� %��� �+������� -:;<1/
��� ��+�� � ��� :;<� $��� �������� �������� �����
��� %������� ���� 2������ �=������ +�������/
��� �������� ��� ��+���������� � ��� 2������"
��������� �������� ������ $�� ��� �� ��� ���� �"
���� 6#7� �� �� ��� ���2����� �����/ >��� � +�"
�������� �������� %� ��� +������� $�� ��+��5��
��� ��8�� %� � ��������� ������� �� ���2����� �� ���
5������ %� �$"+��� 5���� � %���� ��� ������������
����� � ��� +��������� ?����� ��+����� $����
�� ���� ������
�� �� �� ��2������� ������/ � ����%"
���� ��� 2������"��������� %��$��� ��� �$ ����"
+������ ����� ������ � �$ �$�� %����� $� ��������"
����� �������� ��� ��������� � ��� �$ ������ ������
� ��� �$�� %����/ @��� ��� ����������� �������
� �$ ������ %���� ���� ��� ���� ������� ��� �$
����� %���� $��� ����+�� ��� ��� ���� ����� ��� ���
2������ ��������� %��$��� ���� $��� %� ����%������/

?����� ' ���� �+ ��� ������������ %������ �� �
���� ���2����� � � � ��� A�
/ ?����� ' -�1 ��$�
��� ������ ��������/ >��� +��� �����+��� � ��
����������� ����������� � ��� +��������� B����"
����� � �$ ����� %���� � �$ +���� � �$�� %����/
�� �8+����� �� �$�� %����� � 2������ ���������
%��$��� ��� �$ ����� %���� $�� ����%������ $��� $�
+�� �������� ��� ������ %���� � ��� �������� ������
� ��� �$ ������ %����/ � 2������� ��� ����� �

?����� ', >8+��������� �������, C���� ���� +���� ��"
���+�� ����������� ������� $��� ��+�� ����� � �$��
%����D ���� ���� +���� �����+�� � ���������
��� ����������� ������� $��� ��+�� ����� � ����"
��� �����D ��� %���� +���� �����+�� � ���������
������� � ��+�� ����� $��� �$�� %����/

�������� 2������ ��������� %��$��� ��� �$ �����
%����� $� ���������� ��� B�������� �� ��� +�����"
���� ��4������ ������
�� � ��� ���"���� �����/ @�
���������� ��� ���� �������� �� ��� ��4������ %��$���
��� +��������� B�������� � ��� �$ ����� %����/
�� ������� � ����� � ��� � ��� �; %��$ ��� ���"
���� �����/ � ��������� � +�%�%����� ������%����
��� +����� � ?��/ ' -%1/ ��� �������� ������%����
� +���������� ��4������ %��$��� �$ ����� %����
�� ����$�� ���� ���� � �$ ������� ������� �����"
����� ��� �����
���� � 2������"��������� ��������/
�� �������� $� �������� � ��������� 2������ ��"
������� ��������� $���� �������� �� ��������� ��4������
�2���
��� � ������� �; %��$��� �$ ����� %���� ���
�$ ���� � �$�� %���� �8��%����� ������� �; � ����
�������� �� ��� ��������� ��4������/

�
�
	
��


6'7 */ C������ �/ �������� �/ ���+�� �/ A������ ���
�/ ?�%��� :���/ ���/ C���/ ��� #'E&9' -#99E1/

6#7 �/ ������ 	/ 	����� ��� A/ @�����%�� F+�/ C���/
��� '#(( -#99#1/

ICSSUR'05, Besançon, May 2-6, 2005

-106-



���������	��
 ���
��������
����������	��
��������������	 ��"!��	�$#%��&'�	(�)�
!*�)�+�	���(�,���
-/.10�213(4+5�21687/9;:=<

>+?8@BADCFEHGI?8J(E%KDL1MNADCFEHOQPSR ?�MUT�VXWFOQP8W8YXZ$?8O [8G'ADJ\J�]^JBW_EHO EH`XEH?	KDLUaXPSO ?8JBPS?�Y\bc?8T\Ked�KDEgfeh\ikj�j\Y(]_WFClAD?8R
mUR ?kPnEHCHK�J\OQP�A�o\oXCH?kWHW8pNWFT\Gq`\?8Rsr t�`\CHd�O EH[eu+vw?8O [8G'ADJ\Jxr A�PDr O R

y R EHT\K�`\t�TzEHT\?�@\CHKD{_?kPnEHO K�Jz@|K(W_EH`\RQAeEH?�O GI@\R O ?kW'O JX}BJ\O EH?@\CH?kPSOQWFO K�J$KDLcGI?kA�WF`\CH?8GI?8J(EkY/EHT\OQW~@\ClA�PnEHOQP8ADR R V$P8ADJ\J\KDE~�|?CH?kADR O [8?ko�r%��T\?qCH?kA�WFK�J�OQWcEHTBAeEgEHT\?q@\CHKD{_?kPnEHO K�J�OQWgAD@\@\R O ?koEHK�EHT\?�W_ElAeEH?kW	KDLwEHT\?�GI?kA�WF`\CH?8GI?8J(EqAD@\@BADClAeEH`BW8Y/O JBW_EH?kA�oKDL+EHT\?�GIOQPSCHK(WHPSK�@\OQP�W_ElAeEH?kWIKDL�A$GI?kA�WF`\CH?ko)WFVXW_EH?8G�r�]^JK�CloX?8CwEHK�}BJBo�A�@\CHK�@|?8C�v�A=V'L�K�CcADJ�O GI@\CHKed�?8GI?8J(E�KDL/EHT\?@\CH?kPSOQWFO K�J'R O GIO EwL�K�CwA~GI?kA�WF`\CH?8GI?8J(EwKDLxGIOQPSCHK(WHPSK�@\OQPcdeADCHO �AD�\R ?kW1K�J\?cTBA�W1EHK	O JBPSR `BoX?cEHT\?cG'A�PSCHK(WHPSK�@\OQPg��GI?kWFK(WHPSK�@\OQPk�oX?SEH?kPnEHK�C�O J�EHT\?�aXPlT\C=�K(oXO J\t�?8C'?k�(`BAeEHO K�J�oX?kWHPSCHO �\O J\t�EHT\??8J(EHO CH?	WFVXW_EH?8G�rZ$?�PSK�JBWFOQoX?8C�A�CH?kADR OQW_EHOQP)WF?SEF��`\@xY'WFT\KevcJ�O J���O tBrIi�YvcT\OQPlT~GI?kA�WF`\CH?kW/ADJq?8R ?kPnEHCHK�J~@|K(WFO EHO K�J~O JBWFOQoX?�EHT\?�oXK�`\�\R ?S�oXKDE��;�(`\�\O En����V�A�deADCHOQAeEHO K�J*KDL�PS`\CHCH?8J(E$EHT\CHK�`\t�T�EHT\?@|K�O J(EF�^PSK�J(ElA�PnEkr���T\?�RQAeEFEH?8C�OQWIoX?8@\OQPnEH?ko���V�A,@|KDEH?8J(EHOQADR�BADCHCHO ?8CkY	WF?8@BADClAeEHO J\t�E_vwK�CH?kWF?8CHd�K�O ClW8r���T\?)?8J(EHO CH?)WFVXW_�EH?8G�OQW~oX?kWHPSCHO �|?ko$��V�EHT\?��+ADGIO R EHK�J\OQADJ/� in�U� �¢¡I£x¤�¥¡I¦U¦�¥,¡I§ ¨e©nY�CH?8@\CH?kWF?8J(EHO J\tqAqWF`\G¢KDLxEHT\?+@|K�O J(EF�^PSK�J(ElA�PnEkYEHT\?	oXK�`\�\R ?S�^oXKDE+ADJBo�EHT\?8O C%O J(EH?8ClA�PnEHO K�J��+ADGIO R EHK�J\OQADJBW8Y
¡I£x¤��ª¡�« ¬l£x¤ ¥z® ¯±° ²'³ ¯ ² �;´Xµ¯ ´ ² ¥�¡�¶ ·e¶ �n¸ �_i=�
¡I¦U¦¹�ªºg»n· µ» ·k»N¥�º%¼k· µ¼ ·S¼w¥)³��;· µ¼ ·k»U¥�· µ» ·S¼k�½¸%�s¾��¡I§ ¨e©��¿® ¯±° ²'À ³ ¯ ² ·8µ» ·k»e�;´Xµ¯ ´ ² ¥�¡�¶ ·e¶ �½¶ �;Á(�

�%?8CH?,¡ « ¬l£x¤ �ÃÂ ¯ º ¯ ´ µ¯ ´ ¯ ¥�Â ² º ² ´ µ² ´ ² oX?kWHPSCHO �|?kW'EHT\?CH?kWF?8CHd�K�O ClW8r~��T\?I�|?8TBA=d�O K�C�KDL�EHT\?IvcT\K�R ?'WFVXW_EH?8G�oX`\CHO J\tEHT\?~GI?kA�WF`\CH?8GI?8J(E+@\CHKXPS?kWHWcOQW+t�O d�?8J���V�EHT\?�aXPlT\C=�K(oXO J\t�?8C?k�(`BAeEHO K�JxYXÄ^Å(©nÆ Ç���ÈF�FÉ�����Æ Ç���ÈF�FÉnry GI?kA�WF`\CH?8GI?8J(E�KDLxEHT\?�J�`\Gq�|?8C�KDL/?8R ?kPnEHCHK�JBW�Ê,vcT\OQPlTTBA=d�?�ADCHCHO d�?ko�AeE�EHT\?,CHO t�T(E�CH?kWF?8CHd�K�O CkYc��O tBrgi�Y%@\CHKD{_?kPnElWÆ Ç���ÈF�FÉ�K�JËEHT\?�?8O t�?8JBW_ElAeEH?kW�KDL�EHT\?�K�@|?8ClAeEHK�C�ÌÍqÎÏ�Â ² ´ µ² ´ ² r���T\OQW	T\Kevw?8d�?8CkYxoXK�?kW	J\KDE~@\`XE~EHT\?��(`\�\O EqO J(EHKK�J\?IKDLwO ElW~W_ElAeEH?kW8Y/·8µ» ° ¼ Æ j(Énr���T\?�WFO EH`BAeEHO K�J$OQW	oXO Ð½?8CH?8J(E~O LK�J\?�P8ADJ�GI?kA�WF`\CH?�EHT\?c?8R ?kPnEHCHOQP�PS`\CHCH?8J(E1O JqEHT\?cCHO t�T(E1CH?kWF?8CF�d�K�O Ckr	��T\OQWgvwK�`\RQo�@\CHKD{_?kPnE�Æ Ç���ÈF�FÉ%K�J�EHT\?I?8O t�?8JBW_ElAeEH?kW+KDLEHT\?~PS`\CHCH?8J(E%K�@|?8ClAeEHK�CkY+ÌÑSÎ���Än� �,¸+ÌÍqÎx��rca�O JBPS?)ÌÑSÎzOQW%PSK�`X�@\R ?koqvcO EHTqEHT\?%�(`\�\O ENdeADCHOQAD�\R ?�YD· µ » ·k»eY�m��|rX�;Á(�nYDEHT\OQW1@\CHKD{_?kPn�EHO K�J�vwK�`\RQo�WFO J\t�R ?gK�`XE�K�J\?gKDLxEHT\?	�(`\�\O E%W_ElAeEH?kW8YXoX?8@|?8JBo��O J\tIK�J�A�@BADCFEHOQPS`\RQADCcK�`XElPSK�GI?�KDL/EHT\?	GI?kA�WF`\CH?ko�PS`\CHCH?8J(Ekr]�LqA)oXO CH?kPnE�GI?kA�WF`\CH?8GI?8J(E�KDL	EHT\?$PS`\CHCH?8J(E�ÌÑSÎ�OQW�J\KDE@|K(WHWFO �\R ?�YXO E%P8ADJ��|?	CH?8@\RQA�PS?ko���V�A�GI?kA�WF`\CH?8GI?8J(E�KDL�ÌÍqÎwY

n n
’Ωlr Ωlr

E1

El
ElEr Er

ÒXÒXÒXÒÒXÒXÒXÒÒXÒXÒXÒÒXÒXÒXÒÒXÒXÒXÒÒXÒXÒXÒÒXÒXÒXÒÒXÒXÒXÒ
ÓXÓXÓXÓÓXÓXÓXÓÓXÓXÓXÓÓXÓXÓXÓÓXÓXÓXÓÓXÓXÓXÓÓXÓXÓXÓÓXÓXÓXÓ

ÔXÔXÔXÔÔXÔXÔXÔÔXÔXÔXÔÔXÔXÔXÔÔXÔXÔXÔÔXÔXÔXÔÔXÔXÔXÔÔXÔXÔXÔ
ÕXÕXÕXÕÕXÕXÕXÕÕXÕXÕXÕÕXÕXÕXÕÕXÕXÕXÕÕXÕXÕXÕÕXÕXÕXÕÕXÕXÕXÕ

ÖXÖXÖXÖXÖÖXÖXÖXÖXÖÖXÖXÖXÖXÖÖXÖXÖXÖXÖÖXÖXÖXÖXÖÖXÖXÖXÖXÖ×X×X×X××X×X×X××X×X×X××X×X×X××X×X×X××X×X×X× ØXØXØXØØXØXØXØØXØXØXØØXØXØXØØXØXØXØØXØXØXØ
ÙXÙXÙXÙÙXÙXÙXÙÙXÙXÙXÙÙXÙXÙXÙÙXÙXÙXÙÙXÙXÙXÙ

Ω

µL

E2
Ω

µL

E E
1 2

µR µR

(a) (b)

��O t�`\CH?Ii�pUÚ�?kA�WF`\CH?8GI?8J(E�KDLNADJ�?8R ?kPnEHCHK(W_ElAeEHOQP��(`\�\O Ekr
vcO EHT�ADJ�O J(EH?8CHdeADR�ÛqÈ��±EHT\?,GI?kA�WF`\CH?8GI?8J(E�EHO GI?=�nr*��T\OQW?SÐ½?kPnEHO d�?8R V,PSK�CHCH?kWF@|K�JBo\W%EHK�EHT\?I@\CHKD{_?kPnEHO K�J,KDL	Æ Ç���ÈF�FÉgK�JEHT\?	?8O t�?8JBW_ElAeEH?kW�KDL/EHT\?	K�@|?8ClAeEHK�C
ÌÍqÎ��sÛqÈF���ÜÌÍqÎ�¥ÝÌÑSÎUÛqÈ/¥�Än� �,¸|ÌÑSÎ/� �sÛqÈF� ¼¾ ¥�Þ8Þ8Þ�¶ß��à��

a�O JBPS?~EHT\?�K�@|?8ClAeEHK�ClW,ÌÑSÎ�ADJBoáÌÍqÎ�oXK�J\KDE�PSK�GIGq`XEH?�Y|EHT\?GI?kA�WF`\CH?8GI?8J(E�EHO GI?wÛqÈ�P8ADJ\J\KDE/�|?NElADâ�?8J	ADCH�\O EHClADCHV+WFG'ADR Rsr��T\?IK�@XEHO G'ADR1GI?kA�WF`\CH?8GI?8J(EgEHO GI?�YxK��XElADO J\?ko,��V�A�GIO J\O �GIO [kAeEHO K�J�KDL1EHT\?�PSK�CHCH?kWF@|K�JBoXO J\t'deADCHOQADJBPS?qADJBo�EHT\?~EHT\O CloEH?8CHGáKDLgm��|rc��à��qoX?SEH?8CHGIO J\?kW�EHT\?��;�(`BADJ(EH`\G��q@\CH?kPSOQWFO K�JR O GIO E+KDL/EHT\?	GI?kA�WF`\CH?8GI?8J(Ekr��T\?�@\CH?kPSOQWFO K�J�R O GIO E�P8ADJ��|?�CH?koX`BPS?ko���VzGI?kA�WF`\CHO J\tA�oXO Ð½?8CH?8J(E��(`BADJ(EHO E_V,EHTBADJxY�ÌÑSÎ�r��\K�CqO JBW_ElADJBPS?�Y�K�J\?�P8ADJGI?kA�WF`\CH?qEHT\?�PSK�GIGq`XElAeEHK�C�Ìã Î���Än� �,¸½ÌÑSÎ��UCH?8@\CH?kWF?8J(EHO J\tEHT\?cPlTBADCHt�?qäHA�P8PS?8R ?8ClAeEHO K�JBå\r/a�O GIO RQADC�EHK�ÌÑSÎ�YeEHT\OQW1K�@|?8ClAeEHK�CO J�d�K�R d�?kWxEHT\?%�(`\�\O ENdeADCHOQAD�\R ?�·8µ» ·k»=Y�A�W�vw?8R Rsr1��T\?8CH?SL�K�CH?�EHT\?@\CHKD{_?kPnEHO K�J)KDL'Æ Ç���ÈF�FÉqK�J)EHT\?�?8O t�?8JBW_ElAeEH?kWqKDL�Ìã Î�vwK�`\RQoWFO J\t�R ?�K�`XE'A�@BADCFEHOQPS`\RQADCIW_ElAeEH?�KDLcEHT\?��(`\�\O Ekr��%Kevw?8d�?8CkYO J,PSK�J(EHClA�W_E%vcO EHT*ÌÑSÎ�Y\EHT\?qK�@|?8ClAeEHK�C�Ìã Î�PSK�GIGq`XEH?kW%vcO EHTÌÍqÎwr y W�A�CH?kWF`\R E�EHT\?��|KDEHT$deADCHOQAD�\R ?kWgP8ADJ,�|?IGI?kA�WF`\CH?koWFO Gq`\R ElADJ\?8K�`BWFR V�r��T\?�@\CHKXPS?koX`\CH?�YeoX?kWHPSCHO �|?ko�AD�|Ked�?�OQW1A+t�?8J\?8CHOQPUK�J\?cADJBoP8ADJ��|?	?Sæ�EH?8JBoX?ko�EHK'KDEHT\?8C�E_V�@|?kW�KDL1GI?kA�WF`\CH?8GI?8J(ElW8r
çéè%êDè%ëNè+ì�ícè%î
� iS�qa½r y rBïg`\CHd�O EH[�Y1äHÚ�?kA�WF`\CH?8GI?8J(ElWUvcO EHT�AqJ\K�J\O J�deA�WFO d�?oX?SEH?kPnEHK�CgADJBo�oX?8@\TBA�WFO J\t�GI?kPlTBADJ\OQWFG'å\Y|MUT�VXW8rBbc?8d½rð'ñBòxY�i=ó�¾Xi=ó=�li=ó�¾�¾DÁI�_ikô�ô�fD�nr

ICSSUR'05, Besançon, May 2-6, 2005

-107-



Coherent states quantization and new inequalities for

quadratures

Jean-Pierre Gazeau1, François-Xavier Josse-Michaux1, and Pascal Monceau2,

1Laboratoire Astroparticules et Cosmologie and LPTMC, Boite 7020,
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We present a N -dimensional quantization à la

Berezin-Klauder or frame quantization of the complex
plane based on overcomplete families of states (coher-
ent states) generated by the N first harmonic oscilla-
tor eigenstates. The spectra of position and momen-
tum operators, or of quadratures in a quantum optics
context, are finite and eigenvalues are equal, up to a
factor, to the zeros of Hermite polynomials. From nu-
merical and theoretical studies of the large N behavior
of the product λm(N)λM (N) of largest and non null
smallest positive eigenvalues, we infer the inequalities

δN (Q)∆N (Q) = σN

<
→

N→∞
2π,

δN (P )∆N (P ) = σN

<
→

N→∞
2π.

They involve, in suitable units, the minimal (δN (Q))
and maximal (∆N (Q)) sizes of regions of space (resp.
momentum) which are accessible to exploration within
this finite-dimensional quantum framework. Note that
they are of nature different of the usual Heisenberg
inequalities. The behavior of σN is shown in Table
1. Interesting issues on the measurement process are
discussed.
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Table 1: Values of σN = δN (Q)∆N (Q) up to N = 106.
Compare with the value of 2π.

N δN (Q)∆N (Q) 2π

10 4.713054
55 5.774856
100 5.941534
551 6.173778

1 000 6.209670
5 555 6.259760
10 000 6.267356
55 255 6.278122
100 000 6.279776
500 555 6.282020

1 000 000 6.282450 6.2831853
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A two-level atomic system damped by a broadband
squeezed vacuum and driven by a weak laser field
exhibits finite refractive index accompanied with zero
absorption when the probe beam is at resonance with
the laser frequency. This resonant finite refractive
index-zero absorption effect [1] is due to the coherent
population oscillations enhanced by the presence of
the squeezed vacuum field. Early work assumed the
frequency of the driving laser field is equal to the car-
rier frequency of the squeezed vacuum field. Here we
examine the effect off-resonant squeezed vacuum on
the absorption and the dispersion spectra pertaining
to the production of unusual group velocities.

The model equations governing the dynamics
for a single two-level atom (ω0) driven by a coherent
field (ωL) in presence of a broadband squeezed
vacuum (ωs), in a rotating frame at ωL are [2]

< Ṡ+ > = −[(γ/2)(2N + 1) + i∆] < S+ >

− γM exp(2iδt) < S− > −2iΩ0 < Sz >,

= < Ṡ− >∗,

< Ṡz > = −γ/2− γ(2N + 1) < Sz >

+ iΩ0(< S− > − < S+ >), (1)

in which γ is the Einstein A coefficient, Ω0 is the Rabi
frequency, N and M(= |M |eiΦ) are the squeezed
vacuum parameters (Φ is the relative phase) with
|M | ≤ (N(N + 1))1/2, ∆ = ωL − ω0 is the atomic
detuning and δ = ωL − ωs .

The absorption-dispersion spectra is calculated
using Kramers-Kroning dispersion relations. With
this relation the complex susceptibility and hence the
complex refractive index of a weak field probing the
atomic system can be determined. The absorption
curve (solid-line) in Fig.1 is having a very sharp dip,
viz., the linewidth is considerably reduced and it is
showing some gain at the central frequency and at
the same time there is very sharp variation in the
refractive index (the dashed-curve) resulting into
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Figure 1: The absorption /dispersion as a function of
D = (ν−ωL)/γ with N = 5, Φ = 0, δ/γ = 1.0, ∆/γ =
0, |M | =

√
N(N + 1)) and weak field Ω0/γ =0.21.

enhancement of group velocity index. This leads to
the gain-assisted super-luminal light propagation.
When there is a squeezed reservoir in the system
the noise distribution is no longer isotropic in nature
and it is changed to an ellipsoid whose orientation
is decided by the phase. So, we get this interesting
behavior. Dynamical transfer of a light pulse to
atomic coherence and population (and vice-versa)
modelled by Eq.(1) together with Maxwell’s equation
will be analyzed numerically. The details will be
presented along with resonance fluorescence spectrum.
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Many environmental models have the characteristic
of leaving unaffected states when these are lying in
suitable “protected” subspaces, such as the decoher-
ence free subspaces (DFS) [1]. States lying in these
subspaces are stationary, i.e. they do not evolve in
time. A typical scenario is given by the ground states
of atomic systems, which, trivially, remain unaffected
by the environmental action. However, there are pe-
culiar situations were the interaction between environ-
ment and system might generate non-trivial ground
states [2]. A typical example is the case of artificial
environments [3], such as a broadband squeezed vac-
uum, were the non-classical correlations in the excita-
tions of the field may force an interacting sample of
atoms into a highly non-trivial ground state. In such
a scenario, having control over this engineered reser-
voir implies an indirect control on the state of the
system itself [4]. The possibility may exist of modify-
ing the parameters of the reservoir in time, such that
the “protected” subspace evolves in a controlled fash-
ion. If this motion is accomplished in a sufficiently
smooth way, it is expected that a state lying in this
subspace evolves coherently, thereby acquiring infor-
mation about the geometry of the space explored.

Therefore, although the evolution is determined by
an incoherent source, i.e. the environment, the state
evolves still coherently. Indeed, as long as a suitable
”adiabatic condition” is fulfilled, the coherent evo-
lution achieved can also be understood in terms of
holonomies. This holonomy, is determined by the way
in which the decoherence free subspace, determined by
the surrounding squeezed reservoir, spans the Hilbert
space. As the parameter of the noise are changed, the
space evolves in a controlled way. If the parameters
perform a cyclic adiabatic motion, the system is ex-
pected to experience an holonomic evolution. Due to
the structure of the noise the holonomy generated is
abelian, i.e. a geometric phase; which will appear as
a relative phase between two states lying in the deco-
herence free subspace.

When the broadband squeezing environment is sud-

denly switched off, states lying in the previously pro-
tected subspace are affected by the environment and
will decay into the new ground state of the system.
The decay process is accompanied by emission of pho-
tons. By using a suitable scheme, it is possible to
encode the geometric phase acquired in the polarisa-
tion of the light spontaneously emitted, and there-
fore recover the geometric effect due to the engineered
reservoir.

It can also been shown that, in the adiabatic limit,
the visibility of the phase increase linearly with the
strength of the coupling with the reservoir, and in-
versely with the time needed to perform a cyclic loop
in the parameter space. This effect, can be understood
as a consequence of an “inverse Zeno effect” induced
by the reservoir [5], which behaves as a measuring ap-
paratus. This represents a completely original way to
achieve a geometrical evolution of a quantum state.
By using this effect in degenerate subspace it is pos-
sible to realise robust holonomic gates for quantum
computation, analogous to those realised by means of
the usual adiabatic coherent evolution [6].
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The explicit determination of the evolution operator
associated with a quantum system cannot be achieved
in most concrete cases. In two fundamental papers [1],
Dyson developed a perturbative expansion of the evo-
lution operator that has been adopted extensively in
any field of physics. Dyson expansion has a transpar-
ent physical interpretation in terms of time ordered
elementary processes which makes its application par-
ticularly appealing, especially in quantum field theory.
On the other hand, for many applications, Dyson ex-
pansion has severe drawbacks, as a low convergence
rate and the lack of unitarity of its truncations [2].

We will present a new perturbative expansion of
the evolution operator associated with a (in general,
time-dependent) quantum Hamiltonian that enjoys re-
markable properties [3]. In particular, it is such that
each of its truncations retains the fundamental prop-
erty of being unitary and it generalizes Magnus ex-
pansion [4, 5].

Two important cases — the case where the Hamil-
tonian does not depend on time and the adiabatic
regime — will be considered. In particular, in the
case of a time-independent Hamiltonian, the link with
standard perturbation theory for linear operators and
some remarkable group-theoretical properties of our
expansion will be discussed [6].

Eventually, we will describe some relevant applica-
tions to the study of the dynamics of laser-driven ion
traps with various coupling configurations [7, 8, 9], a
topic which is of central interest in view of the possible
implementation, by means of such devices, of quantum
computers.
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As known, consecutive nonlinear optical interac-
tions can be implemented in crystals with spatial pe-
riodic modulation of quadratic susceptibility, which
refer to as periodically poled nonlinear crystals. Con-
secutive interaction under consideration includes the
parametric down-conversion process ωp → ω1+ω2 (1),
which is followed by the up-conversion one ω1 +ωp →
ω3 (2). Such a type of interactions can be imple-
mented in the geometry of collinear waves in the sin-
gle periodically poled nonlinear crystal. Our quantum
analysis of the consecutive interaction is based on the
reordered form of the unitary evolution operator de-
scribing the processes (1) and (2). We succeeded in
obtaining the reordered form of the unitary operator
[1]by means of introduction of the additional opera-
tor σa, related to virtual process of the generation of
photons with frequencies ω2 and ω3 in a field with fre-
quency Ω = ω2 + ω3. The pump wave is supposed
to be strong enough so that it is considered as wave
with constant complex amplitude. In this case op-
erator σa and operators related to processes (1) and
(2) form closed commutation relations which obey the
SH(3) algebra. In this paper the reordered forms were
obtained for various orders of following unitary op-
erators associated with the mention above processes.
The reordered forms obtained enable us to study dif-
ferent situations related to condition at the input of
nonlinear crystal.We investigated cases both presence
and absence of signal waves in a coherent state at the
entrance of the nonlinear crystal. For example, state
vector at the exit of the nonlinear crystal in the case
of the initial vacuum states has the following form

|Ψ(ζ)〉 = γ(0, 0; ζ, ε)|0, 0, 0〉+Σ
′
γ(m,n; ζ, ε)|m,m+n, n〉,

(1)
where m, m + n and n are the numbers of photons
with frequencies ω1, ω2, and ω3 respectively, and Σ

′

contains all possible configurations of the photon num-
ber except the vacuum state. Coefficients γ(m,n; ζ, ε)
define probability amplitudes the corresponding con-
figuration where ε is the ratio of nonlinear coupling
coefficients for the processes (1)and (2) and ζ is the

∗E-mail: aschirkin@pisem.net

normalized interaction length. From (3)it follows that
field states on three frequencies are entangled. Be-
havior of coefficients γ(m,n; ζ, ε) and statistical pho-
ton number properties are studied in dependence on
value of the parameter ε. If γ(m,n; ζ, ε) < 1, ex-
ponential increase of the mean photon number and
the dispersion of photon number on frequencies un-
der consideration take place. In the opposite case
γ(m,n; ζ, ε) > 1, oscillation behavior of the men-
tioned characteristics is observed. Correlations be-
tween photon numbers with different frequencies are
also analyzed. The three-photon correlation function
< n1n2n3 >, where < nj > is the photon number with
frequency ωj , reveals strong nonclassical behavior in
the region ζ < 1. However, the value of this corre-
lation reduces to one for classical Gausssian random
process with increasing interaction length. It is shown
that when the parameter ε increases, the behavior of
the system under study can be interpreted from the
viewpoint of the quantum Zeno effect (QZE). In this
case the up-conversion process (2)can be regarded as
a tool for performing measurements on the idler wave
(the frequency ω1) without any perturbation the sig-
nal wave (the frequency ω2). So, if one considers the
input vacuum as unstable state decaying into reservoir
of down-converted modes then the survival probability
of the vacuum is equal to P (ζ, ε) = |γ(0, 0; ζ, ε)|2.It is
established that P (ζ, ε) → 1 when ε → ∞, i.e. when
the process (2) instantly makes monitoring the birth
of photon in the process (1). A number of the other
propositions for observation of the QZE in the nonlin-
ear optical interactions are discussed in review [2].
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Reiterated or continuous measurement on a quantum system impedes the quantum object’s evolution. 
This “quantum Zeno” effect (QZE) [1,2], contemplated for decades [3], has been conventionally 
attributed to the reaction of the measuring device on the quantum object being measured, in the sense of 
the Heisenberg microscope [4,5]. However, even reactionless “quantum non-demolition” measurements 
[5] seem to qualify for that inhibition to take place and may constitute a “quantum Zeno paradox” (QZP) 
[6]. 
An experimental proof of QZE had been attempted in the past on 5000 Be+ ions confined in a Paul trap 
[7]. The application of a series of light pulses during the microwave-induced evolution of the ensemble 
was completed by a measurement of the ensemble's state. The results of this experiment completely agree 
with quantum-mechanical predictions. In the meantime it has been shown, however, that the anticipated 
impediment of the quantum evolution by a sheer gain of information, i.e. by reactionless measurement 
cannot be, in principle, proven with an ensemble [8]. In fact, the effect of such an intervention remains 
indistinguishable from the potential effects of dynamic interaction with the meter, or with the 
environment. This is so since such a measurement yields, as the result, an expectation value, not an 
eigenvalue, and since the micro-state of the system cannot become revealed by this kind of observation 
[9]. Moreover, each radiative intervention requires subsequent actual (not only potential) detection of the 
emerging state of the quantum system in order to qualify as a measurement [10]. 
Recently, an experiment has been performed with the use of a single quantum system, an 172Yb+ ion, 
laser-driven on its E2 line S1/2 − D5/2 [11]. It has included repeatedly probing the state of the system − not 
just pulsed irradiation − alternating with the laser-driven evolution. Here, each measurement signals the 
micro-state of the system, which is an eigenstate. The statistics of series of correlated results 
unequivocally reveals the inhibiting effect of the reiterated measurements on the microscopic system. Part 
of the observations − the "no fluorescence" data − represent negative-result measurements; moreover, 
they are of the QND type and constitute an unequivocal demonstration of the QZP.  
In a second experiment on an individual trapped 171Yb+ ion, the evolution of the ion's spin, driven on its 
ground-state hyperfine resonance, was impeded by the observation of the ion in one of its eigenstates, F = 
0 or 1: Detection of resonantly scattered probe light identifies the ion in its upper ground-state level 1 
[12]. Observations of null signals that are correlated with the ion in its lower ground-state level 0 again 
prove the QZP. An alternative strategy made the ion driven by a fractionated π pulse, probed and 
monitored during the intermissions of the drive. This extension of Cook's suggestion [13] leaves the ion's 
evolution completely documented.  
The results of these experiments demonstrate that mere gain of information on the quantum system, while 
lacking dynamic action, modifies the system’s evolution as it is predicted by quantum mechanics, based 
on the system’s preparation. This seems plausible if we attribute reality to the results of the 
measurements. If, in contrast, reality is claimed for the prediction, two-fold discontinuity must be 
admitted: loss of coherence with potential measurements, and renormalization from the results of actual 
measurements.  
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Bose-Einstein condensates (BECs) of ultra-cold
atoms are characterized by a having a single macro-
scopic condensate wave function and are thus strongly
analogous to lasers. Unlike light, however, atoms can
interact directly with each other and so the nonlinear-
ity required for squeezing appears very naturally in
these systems. This leads to the possibility of BECs
acting as a bright source of correlated atoms.

In standard BECs the atoms interact only at very
short distances via van der Waals interactions. The
condensate wave function, ψ(r, t), then obeys a non-
linear Schrödinger equation, known as the Gross-
Pitaevskii equation

ih̄
∂

∂t
ψ =

(
− h̄2∇2

2m
+ Vtrap(r) + g|ψ|2

)
ψ, (1)

where Vtrap is the external trapping potential, and the
strength of the nonlinearity due to the interactions
is governed by g = 4πh̄2as/m, where as is the in-
teratomic s-wave scattering length. The diluteness of
BECs in comparison to the range of the van der Waals
interaction means that they are usually only weakly
correlated (squeezed), and in any case these correla-
tions are very short-range.

Using Feshbach scattering resonances [1] one can
dramatically change the s-wave scattering length, and
tune it to practically any value between ±∞, includ-
ing zero. Here, however, I will consider dipole-dipole
interactions as an alternative method for introduc-
ing long-range correlations. Dipole-dipole interactions
can arise either by polarizing the atoms with an off-
resonant laser [2, 3] or with static electric fields, or
via the intrinsic magnetic dipole moment [4, 5] of
the atoms. A good example of the latter case is
chromium, which has an anomalously large magnetic
moment, and was very recently Bose condensed by
Tilman Pfau’s group at Stuttgart [6]. Dipole-dipole
interactions are long-range and can be tuned in sign
and magnitude via the laser polarization and intensity

in the laser-induced case, or by rotating an external
magnetic field [7] in the magnetic case, affording a
high degree of control. We shall see that signature of
strong squeezing in dipolar BECs is the formation of a
‘roton’ minimum in the collective excitation spectrum,
physics reminiscent of superfluid helium II (where the
strong correlations responsible for the roton minimum
indicate the liquid is close to forming a solid).
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At present the interest to the effects associated with
electromagnetically induced transparency (EIT) phe-
nomenon has greatly increased [1,2]. For the case a
propagation of the probe pulse without losses with
preserving the form of the shape in three-level atomic
medium with the population inversion (being created
by optical pumping field) results in propagation of
“dark” and “bright” polaritons [3]. In present paper
we consider the problem of the Λ-type interaction for
three-level sodium atoms in Bose-Einstein condensate
(BEC) and external quantum light under the EIT con-
ditions. In contrast with many papers on this field we
discuss the quantum properties of probe optical field
due to both linear and nonlinear polarization of the
atomic system. The refraction index n and the ab-
sorption coefficient α of the Bose gas are represented
as n = n0 + n2 |Ap|2, α = α0 + α2 |Ap|2, where Ap

is the amplitude of probe pulse; n2,α2 are the non-
linear additions in Kerr-like medium. The behavior
of both nonlinearity n2 and nonlinear absorption α2

vs the detuning ∆ from the Λ-scheme resonance in
the probe pulse field under presence of pumping ra-
diation is shown in Figure. As one can see the Kerr
nonlinearity n2 can achieve the large values and can
be negative that provided the widely change of disper-
sive properties of the BEC. The nonlinear absorption
coefficient α2 is negative always that can be used for
effective suppression of optical losses. The group ve-
locity of probe pulse in such system changes dramat-
ically from 1000m/s (when the effect of ”slow” light
takes place [1]) to superluminal regimes. We focus
our attention on the case when the optical losses for
probe pulse in the atomic system are almost zero due
to giant negative nonlinearity. These conditions pro-
vide a good advantage for practical possibility to gen-
erate non-classical light in the BEC. First, we have
shown that initial poissonian statistics of the probe
pulse photons in coherent state becomes highly sub-
poissonian (the Fano-Mandel parameter Q ≈ −0.6).
Second, in adiabatic approximation we have demon-
strated the possibility of generation of the quadrature-
squeezed light for the probe field due to probe pulse

Figure 1: The dependence for Kerr-like nonlinearity
n2 and the nonlinear absorption α2 for 23Na atoms in
BEC as a function of detuning ∆ from resonance. The
concentration of atoms is 3.3 ·1012cm−3; the pumping
beam intensity is Ic = 55 µW

cm2 .

amplification in the condensate. We also established
an important relation between the time delay τd of
light pulse in the atomic medium and effective squeez-
ing time τsq, and find corresponding optimal length
for atomic-field interaction for effective (more than
90%) squeezing. For considered case of sodium atoms
the group velocity of probe pulse under the condition
when τd ∼= τsq ≈ 40µsecis about 2000m/sec. In the
paper we are discussing the application of obtained re-
sults for the problem of quantum information as well.
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We discuss the existence of nonclassical correlations
in the radiation of two atoms, that are coherently
driven by a continuous laser source. For the first-order
correlations this problem is analog to Young’s double-
slit experiment and was investigated experimentally
by Eichmann et al. [1] and analyzed later in detail
by Itano et al. [2]. In contrast to the first-order cor-
relations the second-order correlations of the fluores-
cence light show a spatial interference pattern which
is not present in a classical treatment [3]. An outcome
of this phenomenon is that bunched and antibunched
light is emitted in different spatial directions. The cal-
culations show that in cases where the intensity inter-
ferences disappear the intensity-intensity correlations
can display an interference pattern with a visibility
of up to 100% [4]. The contrast depends on the po-
larization of the driving laser with respect to the one
selected for the detection and is independent of the
strength of the driving field. It is shown that the non-
classical correlations are induced by state reduction
due to the measurement process when the detection of
the photons does not distinguish between the atoms.
This phenomenon shows up even without any inter-
atomic interaction.

In case of a chain of atoms, the spatial interference
pattern of both the first-order as well as the second-
order correlations of the fluorescence light can be used
for a search problem [5]. For the investigated example,
the ion to be searched for is a member of the chain,
consists, however, of an isotopic species different from
the others ions. The search can be pursued either on
a classical or on a quantum basis. It is shown that the
classical imaging of the particles can lead as fast to the
final result of finding the isotope as the non-classical
imaging using the interference pattern of the second-
order correlations. However, for the discussed case the
quantum method gives more flexibility and higher pre-

cision, in particular when the number of ions in the
chain increases. Moreover, the interferences are ob-
servable even when the distances between the ions are
smaller than half a wavelength of the incident light.
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The controlled production of single photons using
single atomic particles is a process of fundamental im-
portance for the manipulation of quantum states of
the electromagnetic field. It connects internal atomic
states with propagating photonic states in a coherent
and hence potentially reversible way. At present, only
cavity quantum electrodynamics provides a suitable
coupling of atoms and photons, as demonstrated by
the recent generation of single photons with atoms in
an optical cavity [1, 2].

However, the dipole traps used for localizing sin-
gle atoms only provide a limited amount of control.
Thermal motion of the atom leads to fluctuations in
the atom-field interaction, and the duration of photon
emission is restricted by the trap lifetime to below one
second. Ion traps, on the other hand, offer nearly ideal
localization of a single atomic particle for times on the
scale of hours.

We have coupled an ion, localized in a linear radio-
frequency trap, to the electromagnetic field in an opti-
cal resonator, reducing the fluctuations of the ion-field
interaction strength below 2%. In this setup, we have
realized a controlled single-photon source at 866 nm
by exciting a single ion with a Raman pump-pulse, so
that precisely one photon is scattered into the cavity
mode. Single photons were continuously observed at
the output port of the cavity for up to 90 minutes [3].

The waveform of the emitted photons is determined
by the shape of the pump-pulse. We have obtained
a measurement of the wave-form of a single photon
by evaluating the arrival times of the photons at the
detector. Examples are shown in Fig. 1. The com-
parison with a full quantum mechanical calculation
(solid curve) shows the degree of control over the pho-
ton pulse-shape. In Fig. 1b a single-photon pulse is
spread over two distinct time-bins, which may be used
to encode quantum information in the time-domain.

Presently, we are enhancing the setup in order to
increase the efficiency of the source. This is a precon-
dition for applications such as quantum information
processing in a distributed network. Here, not only
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Figure 1: Single-photon pulse shapes for different
pump profiles: (a) Gaussian. (b) double Gaussian.

the emission, but also the absorption of single pho-
tons must be fully controlled. A related application is
the photonic coupling of ions in the same cavity.
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We have considered a two-level ion of mass m
bounded by an effective harmonic potential mν2/2
generated by a linear Paul trap, which is inside an
optical cavity. The cavity axis coincides with the trap-
ping direction and the Bohr frequency ω0 is close to
the frequency ωc = ω0 − ∆, of one of the modes of
the cavity. The system, initially in its ground state,
is excited by two lasers detuned from the ion Bohr
frequency by ∆ ± ν (see Fig. 1).

n
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w
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Figure 1: Level scheme of the ion. The excited level
|e〉 and the ground level |g〉 are coupled by laser fields
of frequencies ω1 and ω2 and one cavity mode of fre-
quency ωc, detuned by ∆. ω0 and ν are the atomic
transition and the vibration frequencies, respectively.

We were able to solve analytically the master equa-
tion for the total system when the cavity is in contact
with a heat reservoir at zero temperature and have
shown that each reduced density operator has the form
of a ”squeezed thermal state”:

ρ̂(t) =
∞∑

k=0

n̄(t)k

(n̄(t) + 1)k+1
Ŝ(ξ(t)) |k〉 〈k| Ŝ(ξ(t))† .

We have assumed the Lamb-Dicke limit and rotat-
ing wave approximation. For a weak field and large
detuning ∆, we obtained the effective Hamiltonian

V̂eff = ih̄Ω1 (â†b̂ − âb̂†) + ih̄Ω2 (â†b̂† − âb̂) , (1)

where Ω1 and Ω2 are coupling constants proportional
to the laser field amplitudes and a (a†) and b (b†) are
annihilation (creation) operators associated with the
cavity field and the motion of the ion.

When the intensity of the lower frequency field is
larger than the intensity of the higher frequency field,
we show that the system reaches a steady state were
the cavity field is in the vacuum and the vibration
state is in a squeezed vacuum state, ρst. Moreover,
even though the cavity field dissipates, both partial
density operators present revivals: the cavity field re-
turns periodically to the initial vacuum state while the
vibration state revives to the squeezed vacuum state
ρst. When these revivals occur the two subsystems dis-
entangle instantly. For t > 0, one of the quadratures
of the vibration field, Xvib, is always squeezed. The
uncertainty in one of the quadratures of the cavity
field, ∆P 2

cav, is also less than 0.5 unless at times when
the field revives to its initial state and the uncertainty
reaches the value 0.5 (see Fig.2).

When the intensity of the lower frequency field is
higher than the intensity of the lower frequency field,
the system never reaches a steady state and do not
present partial revivals.
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Figure 2: Uncertainties ∆Pcav(t)2 (dashed line) and
∆Xvib(t)2 (solid line) as a function of the adimen-
sional time Ω1t for Ω2/Ω1 equals to 0.9 and for γ/Ω1

equals to 0.4. The minimum value for ∆Xvib(t)2 is
0.05.
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The main impediment towards the use of single pho-
tons in schemes for deterministic quantum logic and
communication as very robust and versatile carriers of
quantum information is the weakness of optical non-
linearities in conventional media. One way to circum-
vent these difficulties is to use linear optical elements,
in conjunction with single-photon sources and detec-
tors, to achieve probabilistic photon-photon entangle-
ment [1]. However, an efficient and scalable device for
quantum information processing with photons would
require deterministic entanglement of weak quantum
fields with high fidelity. A promising avenue for effi-
cient photon-photon interaction has been opened up
by studies of enhanced nonlinearities in the regime
of electromagnetically induced transparency (EIT) in
atomic media [2]. Notwithstanding this promising
sensitivity, large conditional phase shifts and entan-
glement of single photons faces serious challenges in
conventional EIT media, which are associated with
the group velocity mismatch between the interacting
pulses, limitations on the amplitudes of their photonic
components and spectral broadening.

We have recently studied several novel schemes that
can resolve these difficulties and pave the way to deter-
ministic quantum logic with photons. In one of such
schemes, a weak (quantum) probe pulse, upon propa-
gating through the medium with a small group veloc-
ity vp ¿ c, interacts with the forward and backward
components of a weak signal pulse that is dynamically
(reversibly) trapped in a periodic structure exhibiting
a photonic bandgap. The trapped signal pulse, having
an appreciable amplitude of its photonic component,
can induce large cross phase-shift φ ' π, under phys-
ically realistic conditions.

In the case of coherent input states for the two
pulses, |Φin〉 = |®p〉 ⊗ |®s〉, and certain interaction
time, the output state is given by

|Φout〉 =
1

2
( |®p〉 + | − ®p〉) ⊗ |®s〉

+
1

2
( |®p〉 − | − ®p〉) ⊗ | − ®s〉. (1)
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Figure 1: Optical cphase logic gate between two
single-photon qubits, using polarizing beam-splitters
(PBS), and π cross-phase modulation (XPM) between
propagating probe pulse and dynamically trapped in
the PBG signal pulse.

This is an entangled coherent superposition of macro-
scopically distinguishable states of two fields, which
can be used in schemes of quantum information pro-
cessing and communication with continuous variables.
Alternatively, in the case of single-photon inputs,
wherein the qubit basis states { |0〉, |1〉} are repre-
sented by the vertical |V 〉 ≡ |0〉 and horizontal
|H〉 ≡ |1〉 polarization states of the photon, utilizing
the scheme of Fig. 1, one can realize a transformation
corresponding to the cphase logic gate between two
traveling single-photon qubits,

|Vp Vs〉 → |Vp Vs〉
|Vp Hs〉 → |Vp Hs〉
|Hp Vs〉 → |Hp Vs〉
|Hp Hs〉 → − |Hp Hs〉.

(2)
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Figure 1: Entanglement storage into atoms.

A major challenge for quantum information and
communication lies in the ability to manipulate
quantum states. If photons are good and robust
quantum information carriers they need to be stored
into quantum memories. Because of the long lifetime
of their ground state spin atomic ensembles are
promising candidates to store quantum states of light
[1]. We will present different schemes to manipulate
quantum states between light and cold atoms under
realistic experimental conditions.

We first study the interaction of two light fields with
λ-type atoms placed in an optical cavity, and we show
how to transfer with nearly 100% efficiency a quan-
tum state of light (squeezed vacuum) into the ground
state coherence of a spin-polarized atomic cloud [2, 3].
We find the best transfer conditions between the two
oscillators. The interesting result is that the quan-
tum states are well conserved in two seemingly differ-
ent situations: in the so-called Electromagnetically-
Induced-Transparency (EIT) situation (on one- and
two-photon resonance) and in a Raman configuration
(on two-photon resonance, but for large one-photon
detunings). If both situations share interesting simi-
larities in terms of robustness, transfer efficiency, noise
spectra, the physical effects responsible for the ideal
mapping are quite different. The efficiency of the
mapping is enhanced by the collective behavior of the
atoms and the cavity interaction, and can be close to
100% for easily accessible experimental parameters.

We then show how to readout the atomic state and
retrieve the field state stored into the atoms in the
field exiting the cavity, with again a high efficiency
[3]. This provides us with the necessary tools to
realize quantum memory operations with light and
atoms. Third, we extend these results to the case of
a pair of quantum-correlated fields (EPR-fields), the
entanglement of which can be mapped onto the spins
of two distant atomic ensembles [4]. This represents
a method for entangling two macroscopic ensembles,
but also allows for storing and manipulating entan-
glement, by using the same techniques.

Last, as an application, we propose to teleport an
atomic ensemble quantum state with high fidelity [5].
Our protocol is a simple and direct adaptation of the
continuous variable teleportation protocols for light.
One ensemble (1) is prepared using the previous in-
teractions in the state to be teleported, while a pair
of ensembles (2) and (3) is entangled following the
previous method. Two optical readouts on (1) and
(2) allow Alice to perform joint measurements, the re-
sults of which are transmitted to Bob. Using suitable
magnetic fields on ensemble (3) Bob can then recon-
struct state (1).
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One of important decoherence mechanisms in quan-
tum communication over optical fibers is a random
transformation of the polarization state of the trans-
mitted fields, induced by the fluctuating birefringence
of the fibers. For sufficiently narrowband fields, it
can assumed that the polarization change is uniform
across the spectral range involved, and it can be mod-
elled as an U(2) transformation between two annihi-
lation operators corresponding to ortogonal polariza-
tions within a single pulse. As birefringence fluctua-
tions are relatively slow, the polarization transforma-
tion remains virtually identical for a train of optical
pulses. This symmetry in the decoherence mechanism
leads to the occurence of decoherence-free subspaces
and subsystems which have the potential of enhanc-
ing various scenarios for quantum communication over
collectively depolarizing channels.

First, we discuss a restricted case of encoding clas-
sical information into the polarization degree of free-
dom of two single-photon pulses undergoing collec-
tive depolarization. We have derived tight bounds
on the communication capacity when only classical
correlations between polarization states are allowed,
and when both the photons can be prepared in an
arbitrary, possibly entangled, joint polarization state,
obtaining capacities respectively of log2(5/4) ≈ 0.322
and 1 per a photon pair [1]. Thus the use of entan-
gled states leads to a more than threefold increase
in the communication capacity. We have verified
this effect in a proof-of-principle experiment using a
fiber-coupled source of entagled photon pairs based
on spontaneous parametric down-conversion, and a
linear-optics Bell state measurement [2]. The exper-
imental classical capacity with entangled states ob-
tained from the visibility of two-photon interference
is equal to 0.82 ± 0.04 per a photon pair, and it ex-
ceeds approximately 2.5 times the theoretical upper
limit on the capacity when no quantum correlations
between separate uses of the channel are allowed.

A general scenario for communication over a collec-
tively depolarizing channel consists in sending quan-
tum states of optical radiation contained in N pulses,
with each pulse comprising two orthogonal polariza-
tions [3]. The U(2) polarization transformation within
a single pulse can then be conveniently written in
the Schwinger representation as a direct sum of irre-
ducible representations of the rotation group, and the
complete transformation is given by an N -fold tensor
product of this operator. In order to find decoherence-
free subsystems, this product needs to be decomposed
into a direct sum of irreducible represenstations. Such
a decomposition can be obtained with the help of stan-
dard identities for the angular momentum algebra,
leading to a closed recursion formula for dimensions of
available decoherence-free subspaces and subsystems
[4].
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Superposition of quantum states and entanglement
in particular are the resources of quantum communi-
cation and quantum information processing. From a
fundamental point of view, the nature of the carrying
particle is irrelevant since only amplitudes and phases
are exploited to encode the quantum information (QI).
Although the no-cloning theorem prohibits QI am-
pli�cation, it can be regenerated or transferred from
one kind of carrier to another without being revealed,
thanks to the subtleties of entanglement. For instance,
quantum repeaters require the particular mastering
of the concept of entanglement, of the techniques of
teleportation and, the most challenging nowadays, of
quantum memories.
Let us �rst consider the simpler case of a quantum

relay that relies on entanglement swapping (see Fig.
1(a)). This consists in dividing the channel between
the transmitter, Alice, and the receiver, Bob, into se-
veral sections. First, entanglement has to be produced
separately at Alice and Bob places. Next entangle-
ment swapping concatenates these sections, establish-
ing a long-distance entanglement between Alice and
Bob. This might already be useful, as Bob's detec-
tor needs to be activated only when all the entangle-
ment swapping operations have been performed suc-
cessfully, limiting thus the probability of dark counts.
Quantum relays su�er from a severe bit rate limita-
tion due to a many-fold coincidence detection. In-
deed, the probability that all the photons propagate
through their local section is precisely the same as the
probability that a single photon propagates directly
from Alice to Bob. Quantum relays are thus unable
to �ght against the exponential bit rate decrease when
increasing the distance between the two partners. To
overcome this, one has to work in parallel, i.e. estab-
lish local entanglement independently in each section
and store it until the nearby sections have also been
successfully entangled by a swapping process. This re-
quires using quantum memories, i.e. the possibility to
store and read-out quantum information on demand.
On the other hand, the later storing process de-

mands a coherent QI transfer between photons of

di�erent wavelengths, i.e. from telecom (e.g. 1310
and 1550nm suitable for standard single mode optical
�bers) to alkaline atomic transition (e.g. 780-850nm)
wavelengths that are at the heart of potential quan-
tum memories. Actually, this is a necessary step to
realize a quantum interface between photons (called
the �ying carriers) and atoms (called the storing car-
riers) [1]. In the most general case, entanglement pro-
duced by parametric down-conversion (PDC) in a non-
linear crystal should be preserved when submitting
one photon out of an entangled pair to a wavelength
up-conversion process (i.e. sum frequency generation
- SFG) in a second non-linear crystal [2]. The corre-
sponding experimental scheme is given in Fig. 1(b).

NL crystal

SFG

Strong CW Laser

final entanglement

2-photon source

l
1
=1550nm

2-photon sources
[CW Laser ( ) + NL crystal (PDC)]lp

a) The quantum relay

b) The quantum information transfer

swapping
process

final entanglement

Alice Bob

Figure 1: Principles of both quantum relay (a) and
quantum information transfer (b).

In this talk we shall review recent progress and on-
going projects. In particular, results regarding quan-
tum entanglement swapping and coherent transfer of
the quantum information between photons at di�erent
wavelengths shall be presented.
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Figure 1: The figure shown the proposed scheme
of quantum communication through an unmodulated
spin chain. Part (a) shows the scheme for a chain
with the communicating parties Alice & Bob located
at opposite ends. Part (b) depicts an arbitrary graph
of spins where Alice has access to the spin marked s
and Bob has access to the spin marked r.

We present a scheme for using an unmodulated and
unmeasured spin chain as a quantum communication
channel. We start with a preliminary scheme in which
a spin in an arbitrary quantum state is simply placed
at one end of a ferromagnetic spin chain in its ground
state and allowed to propagate to the other [1]. This
is shown in Fig.1(a). We show that quantum com-
munication with better than classical fidelity is possi-
ble using this scheme for chains of significant length.
Moreover, entanglement is always transferable, but
decreases with distance as 1/N1/3.

In the second part of the talk, we propose a pro-
tocol for perfecting quantum communication through
such spin chain channels. By combining a dual-rail en-

|ψ〉
(1)
1

◦ spin chain (1) τi
• |ψ〉

(1)
N

|0〉(2) ⊕ spin chain (2) τi ⊕
LL������ ________

�������

_ _ _ _ _ _ _ _

��
��
��
�

wait again if 0

success
 if 1

Alice Bob

Figure 2: A schematic depiction of the scheme for
conclusive and arbitrarily perfect quantum communi-
cation using parallel spin chains.

coding with measurements only at the receiving end,
we can get conclusively perfect state transfer, whose
probability of success can be made arbitrarily close
to unity with a sufficient number of measurements [2].
This scheme is shown in Fig.2. With this scheme, per-
fect state transfer with a probability of failure lower
than P in a Heisenberg chain of N spin-1/2 parti-
cles can be achieved in a timescale of the order of
0.33
J N1.7| ln P |.
We demonstrate that our scheme is more robust

to decoherence, non-optimal timing and enables per-
fect state transfer for an arbitrary graph of spins as
shown by Fig.1(b). We show that almost any quantum
chain can allow efficient and arbitrarily perfect quan-
tum communications [3] if identical copies of the chain
are available. We also study a collaborative transfer
in which users having access to spins along the length
of a chain and can speed up the transfer of quantum
information through the chain.
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QUANTUM CIRCUIT FOR ENTANGLING PROBE
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A quantum circuit is presented which implements the simplest possible gen-
eral unitary transformation that maximizes the information gain by an entan-
gling probe [1-4]. The probe has a two-dimensional Hilbert space, and sep-
arately entangles itself with each individual signal-photon polarization state
in the standard BB84 protocol of quantum key distribution. A simple probe
design implementation and probe measurement procedure are presented [5,6].
The probe contains a single CNOT gate in which the control qubit consists of
two orthogonal photon polarization basis states of the signal, and the target
qubit consists of two orthogonal photon polarization basis states of the probe.
The respective BB84 signal states enter the control port of the CNOT gate. A
single-photon source, together with a polarizer, produces the initial probe pho-
ton polarization state, corresponding to a chosen induced error rate in the signal.
The probe photon enters the target port of the CNOT gate. The signal photon
leaving the CNOT gate goes on to the legitimate receiver. The probe photon
exiting the CNOT gate is optimally entangled with the signal states to yield the
maximum information gain by the probe. The probe photon exiting the CNOT
gate enters a Wollaston prism oriented to separate the two orthogonal polariza-
tion basis states of the probe for a symmetric von-Neumann measurement, and
the photon then triggers one of two photodetectors. The signal bases revealed
during basis reconciliation enable the appropriate assignment of ones and zeroes
to the photodetector responses so as to yield maximum information on the key
prior to privacy ampli�cation. Quantum memory is not needed.
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Motivated by Feynman’s 1982 paper on the simula-
tion of physics by computers [1], we present a general
approach to the description of quantum optics exper-
iments which uses quantum bit registers to represent
the spatio-temporal changes occurring in apparatus-
systems during the course of such experiments. Our
approach focusses on the only thing that experimen-
talists ever have to deal with, which is the discrete
information obtained from their detectors.

To illustrate our ideas, we discuss the Stern-Gerlach
experiment, Wollaston prisms, beam splitters, Mach-
Zender interferometers, von Neumann (PVM) tests,
the more general POVM formalism, and a variety of
modern quantum experiments, such as two-particle in-
terferometry and the EPR scenario. We shall discuss
single particle states, coherent states and thermalized
states of photons.

Our approach has a number of merits. First, by en-
coding the conventional Hilbert space description of
quantum systems onto a quantum register, it recog-
nizes the primacy of the experimentalist’s apparatus
in the measurement process. Indeed, once the rules of
the quantum register transition operators have been
codified via the standard quantum formalism, the con-
cept of the subject system’s Hilbert space and its as-
sociated Schrödinger evolution formalism can be dis-
pensed with. Second, by explicitly encoding each out-
put channel in terms of a qubit, it circumvents the
need for the POVM formalism when the number of
possible outcomes in an experiment exceeds the di-
mensionality of the Hilbert space associated with the
initial state. Third, it is easy to “modularize” the de-
scription. By this is meant the process of linking in the
laboratory many different pieces of apparatus to form
one large apparatus. The quantum register descrip-
tion permits this physically realistic possibility to be
described in a systematic and intuitive way. Fourth,
the quantum register description demonstrates the va-
lidity of Feynman’s view of physics as a computation.
Quantum optics experiments described via quantum
registers can be readily seen to be a form of quantum
computation. Finally, it is possible, using quantum
registers, to describe experimental networks where
multiple, non-overlapping runs are in the process of
being conducted simultaneously. An example would

be those experiments where pulses of photons have
been prepared and so effectively enter the apparatus
before previously emitted pulses have been observed.
This is a scenario which occurs in astrophysics, where
sources of distant light may have been destroyed be-
fore previously emitted radiation from them had been
observed.

The relation between our approach and the quan-
tum field theoretic description of quantum optics will
be discussed.
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Abstract 
 

 
The Dicke states of a system of N atoms exhibit very strong quantum correlations and 

entanglement. In fact it was shown very early [1] how such quantum correlations in 

Dicke states were responsible for superradiance and a variety of other coherent effects in 

dissipative systems. The dynamics of a collective system can be studied in the master 

equation framework which shows how quantum entanglement in a collective system 

develops in time. The application of a coherent drive further enables us to have a control 

on the quantum entanglement. Such collective systems can be realized by using cavities. 

The generation of a variety of entangled states like Werner states, GHZ states, W-states 

Would be demonstrated. Using the interaction of atoms with a squeezed bath, generation 

of new type of entangled states of the collective system would be demonstrated. 

Generalizations of the above to qutrits as well as to continuous variables are possible.  

1.G.S. Agarwal, Quantum Optics ( Springer Tracts in Modern physics, Vol 70, Springer, 
Berlin 1974) p. 54. 
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Homodyne tomography, a method of characterizing
quantum states of the electromagnetic field by measur-
ing the phase-sensitive quantum noise statistics of its
amplitudes, has recently been extended to the highly
nonclassical domain, in particular to the single-photon
state [1]. This has opened up the possibility for apply-
ing this technique to quantum information technology,
where it enables for a qualitatively higher accuracy in
quantum state characterization as compared to the
traditional photon-counting approach.

In the experiment to be presented, we used homo-
dyne tomography to characterize a dual-rail optical
qubit which is generated when a single photon from a
parametric down conversion source [2] entangles itself
with the vacuum state on a beam splitter. From cor-
related, phase-sensitive field quadrature statistics ac-
quired from two homodyne detectors, we reconstruct
the four-dimensional density matrix which extends
over the entire Hilbert space of two electromagnetic
oscillators and reveals, for the first time, complete in-
formation about the optical qubit, including the vac-
uum and multiphoton contributions. We also demon-
strate that the continuous-variable experimental data
violate the Bell inequality albeit with a loophole sim-
ilar to the detection loophole in photon counting ex-
periments [3].

The dual-rail optical qubit can be viewed as an en-
tangled ensemble of the single-photon and vacuum
states and can be used as a resource for quantum
teleportation [4] and remote state preparation [5] in
a hybridized discrete- and continuous-variable regime.
More generally, our experiments demonstrate the po-
tential of combining discrete- and continuous-variable
approaches in a single setting for quantum information
processing applications.
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Quantum telecloning is a protocol which combines
quantum teleportation with quantum optimal cloning,
i.e., simultaneous broadcasting of optimal clones to
multiple recievers [1]. This is accomplished by shar-
ing multipartite entanglement and communications
via classical channels. In this report, we demonstrate
an experiment of 1 to 2 telecloning of a coherent state.

Our scheme is based on the proposal of van Loock
and Braunstein [2]. The experimantal setup is shown
in Fig. 1. The sender Alice teleclones an input co-
herent state to two distant receivers, Bob and Claire.
The shared tripartite entanglement among them is
generated by superimposing two independent quadra-
ture squeezed vacuum states at a half beam splitter
and subsequent dividing of one of its outputs at the
receiver’s side. To teleclone, Alice performs a joint
Bell-type measurement on the input mode and one of
the entangled modes, and sends its result to Bob and
Claire via classical channels. According to this infor-
mation, Bob and Claire perfom displacements on their
modes to generate clones. Those clones are verified
by Victor in terms of their fidelities, 〈αin| ρclone |αin〉.
When we generate two clones with higher fidelities
than the classical limit of 0.5, we can declare experi-
mental success of telecloning.

We have already succeeded in generation of the tri-
partite entanglement, and confirmed it by a violation
of relevant inequalities [3], that is 〈[∆(x̂1 − x̂i)]2〉 +
〈[∆(p̂1 + p̂i)]2〉 ≥ 1 (i = 2, 3). Here, x̂j and p̂j

(j = 1, 2, 3) are the quadrature-phase operators of the
corresponding modes indicated in Fig. 1, respectively.
Figure 2a shows that the variance 〈[∆(x̂1 − x̂2)]2〉
is less than the corresponding vacuum level. Figure
2b, c, d also shows similar results for 〈[∆(p̂1 + p̂2)]2〉,
〈[∆(x̂1−x̂2)]2〉 and 〈[∆(p̂1+ p̂3)]2〉 respectively. These
results indicate a violation of the inequalities above.
So we can conclude that the tripartite entanglement is
certainly generated. With this entanglement, we can
expect the fidelities of clones with 0.58±0.01 at Bob’s
site and 0.59±0.01 at Claire’s site.

We are currently working on the experimental real-

Figure 1: Schematic setup of the experiment.
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Figure 2: Measurement results of (a) 〈[∆(x̂1 − x̂2)]2〉,
(b) 〈[∆(p̂1 + p̂2)]2〉, (c) 〈[∆(x̂1 − x̂3)]2〉, (d) 〈[∆(p̂1 +
p̂3)]2〉 in comparison with the corresponding vacuum
level adjusted to 0dB. The measurement frequency is
centered at 1MHz. Resolution and video bandwidths
are 30 kHz and 300Hz respectively. Every trace is
averaged 30 times.

ization of telecloning and we will report on our exper-
imental results.

References

[1] M. Murao et al., Phys. Rev. A. 59, 156 (1999).

[2] P. van Loock and S. L. Braunstein, Phys. Rev.
Lett. 87, 247901 (2001).

[3] L. -M. Duan et al., Phys. Rev. Lett. 84, 2722
(2000).

ICSSUR'05, Besançon, May 2-6, 2005

-131-



Quantum teleportation and its applications

Akira Furusawa1,2

1Department of Applied Physics, School of Engineering, The University of Tokyo,
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan

2CREST, Japan Science and Technology Agency, 1-9-9 Yaesu, Chuo-ku, Tokyo 103-0028, Japan

Corresponding author: Akira Furusawa (akiraf@ap.t.u-tokyo.ac.jp)

Basic studies on quantum information science
are being made with quantum optics intensively.
Continuous-variable (CV) approach attracts much in-
terest because of relative easiness to realize the ex-
periments. Unconditional quantum teleportation was
realized in the first time with this approach [1], and
various experimental successes of quantum telepor-
tation and other protocols have been reported.[2] In
this paper, we will show the progress of this CV ap-
proach especially on creation and detection of tripar-
tite quantum entanglement[3, 4] and its application to
a quantum teleportation network.[5, 6] Moreover, we
will show our recent results on high-fidelity teleporta-
tion and entanglement swapping.[7]

By using tripartite entanglement, we can make some
tripartite quantum protocols. An example of them
is a quantum teleportation network. In a tripartite
quantum teleportation network, three members (Al-
ice, Bob, and Claire) share tripartite entanglement,
and quantum teleportation will succeed between any
two members with the help of the third one. This
is a genuine tripartite quantum protocol in the sense
that teleportation will not succeed without the help of
the third member. In other words, there is no bipar-
tite entanglement in the shared tripartite entangled
state. Fig.1 shows the experimental setup for a quan-
tum teleportation network. This is the case for tele-
portation from Alice to Bob with the help of Claire.

Another results of ours are those on high-
fidelity teleportation beyond the no-cloning limit
and entanglement swapping.[7] The fidelity F =
〈ψin|ρ̂out|ψin〉 = 2/3 for a coherent-state input is
called as the no-cloning limit and the boundary for ca-
pability of teleporting nonclassicality.[8] If one makes
the fidelity more than 2/3, the one can teleport non-
classicality. We succeed in getting the fidelity of
0.70 ± 0.02, and demonstrate entanglement swapping
as an example of teleportation of nonclassicality.

This work is partly supported by the MPHPT of
Japan.
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Figure 1: Experimental setup for a quantum telepor-
tation network.[6] We set gx = gp = 1.
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The use of quasi-phase matching technique 
and integrated optical technology on 
lithium niobate for quantum optical 
experiments will be developped. Based on 
recent experiments, we will discuss the 
large potential of integrated quantum 
optics. 
 
Over the past several years, a new field, 
called Guide Wave Quantum Optics 
(GWQO) has emerged applying guided 
wave optical technologies to quantum 
optics experiments. Perhaps the best –
known example was that, in 1998, of the 
demonstration of quantum nonlocality over 
distances on the order of 10 kms, carried 
out by a group at the University of Geneva, 
using the fiber optical lines of Swiss 
Telecom. 
 
The use of Integrated Optical (IO) 
technology and Quasi-Phase Matching 
(QPM) technique, extensively developped 
in our laboratory on lithium niobate, is 
very attractive for Quatum Optics as it 
allows the integration of various elements 
such as correlated pair sources, electrically 
controllable beam splitters, phase 
modulators, and wavelength selectors, on a 
single wafer, eventually eliminating the 
need for bulk optical interconnections. 
Such integrated optical components should 
permit the realization of compact, 
performant, elements for various quantum 
optical experiments. 
 

In preliminary experiments aimed at 
validating the interest of this technology 
we have realized and demonstrated an 
entangled photons pair source, in 
collaboration with the group at the 
University of Geneva, that has the highest 
pair production efficiency reported to date 
[1]. 
 
We have recently demonstrated a high 
quality heralded single photon source 
based on the detection of one photon of a 
pair generated by spontaneous parametric 
down conversion [2]. 
 
Typical objectives of this activity inlude 
gated single photon state generators, 
integrated systems for quantum key 
distribution and integrated quantum relays 
based on entanglement swapping. 
 
[1] S. Tanzilli and al., "Highly efficient 
photon-pair source using periodically 
poled lithium niobate waveguide," Elec. 
Lett. 37, 1 (2001). 
[2] O. Alibart, S. Tanzilli, D. B. Ostrowsky 
and P. Baldi, "Guided wave technology for 
a telecom wavelength heralded single 
photon source," arXiv:quant-ph/0405075 
(2004). 
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α
in

0
A B

0

out
ρ

GPGX ,

���������
���������
���������
���������
���������
���������

���������
���������
���������
���������
���������
���������

���������
���������
���������
���������
���������
���������

���������
���������
���������
���������
���������
���������

���������
���������
���������
���������
���������
���������

���������
���������
���������
���������
���������
���������

P
_
AXin

_

Dx,p

ALICE BOB

R

SA

channel
quantum

in

out

SB

A

Bell 
measurement

displacement
operations

QND entanglement
generation

B

classical
channel

electronic
gains

Figure 1: Schematic of the CV teleportation using
the QND interaction. A bipartite entangled state pro-
duced by the QND interaction of two vacuum states
|0〉A and |0〉B is shared by Alice and Bob. |®〉in, an
input unknown coherent state; ½out, the output state;
SA and SB , auxiliary squeezing operations allowing
to increase the fidelity F or the parameter T ; R, the
QND interaction or an unbalanced BS; Gx, Gp, elec-
tronic gains for the transformation from the classical
measurement results x̄in and p̄A to Bob’s system.

We investigate a continuous-variable (CV) telepor-
tation protocol depicted in Fig. 1. The protocol uti-
lizes a shared entanglement produced by the quantum-
nondemolition (QND) interaction HQND = −κxApB

of two vacuum states and uses either the QND interac-
tion H ′

QND = κ′xApin or an unbalanced beam splitter
(BS) with reflectivity R and transmissivity T in the
Bell measurement. Our scheme generalizes the proto-
col proposed by Horoshko and Kilin (HK) [1] that also
exploits the QND entanglement and an unbalanced
BS in Bell measurement but unlike our scheme the
relation between the entangling interaction and the
Bell measurement is fixed by the formula R/T = κt

(t is the interaction time). We study both the unity
gain and non-unity gain regimes. In the unity gain
regime we characterize the efficiency of our scheme by
the fidelity F = in〈®|½out|®〉in. It is shown that like
in the HK scheme also in our scheme the maximum
achievable fidelity is Fmax =

√

2/3 ≈ 0.816. How-
ever, in contrast with the HK scheme our scheme al-
lows to achieve quantum regime of teleportation when
F > 1/2 for arbitrarily small amount of the shared
QND entanglement. For a particular amount of the
shared QND entanglement (κt = 1) it is demonstrated
that the use of a suitable unbalanced BS in the Bell
measurement provides a higher teleportation fidelity
F = 2

√
6/7 ≈ 0.7 than the use of a balanced BS as

proposed by HK when FHK = 2/3 ≈ 0.666. Further,
it is shown that the fidelity in our scheme can be in-
creased so that F → 1 as the shared entanglement
increases, i. e. κt → ∞. This can be achieved by
applying locally suitable squeezing operations SA and
SB on both parts of the shared entangled state. In the
non-unity gain regime we characterize our teleporta-
tion protocol by the conditional variance product V

and the sum of the quadrature transfer coefficients T

[2]. We study two particular choices of the electronic
gains when V is minimized and when T is maximized.
We show that the quantum regime of teleportation
when V < 1/4 and T > 1 is in both cases achieved if
κt > 1.272. Our analysis further reveals that for fixed
Bell measurement we can increase T and therefore get
deeper into the quantum region by applying a suitable
squeezing operation SA on Alice’s part of the shared
state.
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Global conservation laws give rise to superselection
rules (SSRs) which forbid the observation of coher-
ences between particular subspaces of states [1]. Such
global laws do not apply locally in composite systems
where, for example, a reference system alleviates the
affect of the SSR on another system by locally break-
ing the associated symmetry [2]. Here we investigate
the effect of SSRs on the resources represented by a
quantum state [3].

Single party case. Let ρ represent an arbitrary
state. Under the G-SSR associated with the symmetry
group G = {g}, our effective knowledge of the system
in state ρ is represented by Gρ ≡ 1

|G|
∑

g∈G T (g)ρT †(g)
where |G| is the order of the group G [4]. Accordingly,
the accessible mechanical work that can be extracted
from a thermal reservoir using state ρ is

WG(ρ) ≡ W (Gρ) (1)

where W (ρ) = log D − S(ρ) is the mechanical work
extractable in the absence of the G-SSR in units where
kT = 1, D is the dimension of the Hilbert space and
S(ρ) ≡ −Tr [ρ log ρ]. The asymmetry of ρ,

AG(ρ) ≡ S(Gρ)− S(ρ) , (2)

quantifies the resource representing the ability of a
system to act as a reference frame and break the sym-
metry of G. That is, (1) AG(ρ) ≥ 0; (2) AG(ρ) = 0
iff ρ is symmetric Gρ = ρ; (3) AG(ρ) cannot increase
under the restriction of the G-SSR; and (4) the achiev-
able gain in the extractable work due to ρ acting as a
reference is AG(ρ). There is a complementarity (du-
ality) between this reference ability and the amount of
work that can be extracted under the G-SSR:

W (ρ) = WG(ρ) + AG(ρ) . (3)

Bipartite case. Consider a system shared by two
parties, Alice and Bob. We restrict our analysis to
globally symmetric pure states, ρ = |Ψ〉〈Ψ| = G[ρ].
The local action of the G-SSR restricts the avail-
able operations at each site and this limits our ef-
fective knowledge of the system to [GA ⊗ GB]ρ ≡

1
|G|2

∑
g,h∈G[TA(g) ⊗ TB(h)]ρ[T †A(g) ⊗ T †B(h)]. Thus

under the G-SSR, the locally accessible entanglement
EG and work W

(lo)
G of the state ρ are given by

EG(ρ) = E([GA ⊗ GB]ρ) , (4)

W
(lo)
G (ρ) = W (lo)([GA ⊗ GB]ρ) , (5)

where E(σ) is the entanglement of the state σ [4, 5]
and W (lo)(σ) is the locally extractable work from σ [6].
The ability of a globally-symmetric bipartite system
to act as a shared reference is quantified by the shared
asymmetry

A
(sh)
G (ρ) = S([GA ⊗ GB]Gρ)− S(Gρ) (6)

which has the properties: (1) A
(sh)
G ≥ 0; (2) A

(sh)
G = 0

iff [GA ⊗ IB]ρ = [IA ⊗ GB]ρ = ρ; (3) A
(sh)
G is non-

increasing under the local G-SSR and (4) the achiev-
able gain in the extractable work due to ρ acting as a
shared reference is A

(sh)
G (ρ). We find [3]

WG(ρ) = W
(lo)
G (ρ) + EG(ρ) + A

(sh)
G (ρ) . (7)

which shows the complementarity (triality) between
the mechanical (W (lo)

G ), logical (EG) and shared-
reference (A(sh)

G ) resources represented by the state ρ.
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Controlled manipulation of quantum states and im-
plementation of quantum logic gates are essential el-
ements of a quantum computer. Quantum computa-
tion relies on nonclassical properties of qubits such
as entanglement. One of the experimental efforts
to realize multipartite entanglement involves coupling
trapped ion to an optical cavity [1]. Decoherence of
quantum systems is one of the major hurdles to im-
plement quantum computers. We investigate the de-
coherence process of three qubit system obtained by
manipulating the state of a cold trapped two level ion
coupled to an optical cavity. Consider a two level
trapped ion ω0 radiated by the single mode cavity
field (ωc) tuned to red sideband of ionic vibrational
motion, and an external resonant laser field (ωL). In-
teraction with external laser field as well as the cavity
field generates entanglement of internal states of the
ion, vibrational states of ionic center of mass motion,
and the cavity field state. Working in the Lamb-Dicke
regime, ηL � 1 and ηc � 1, unitary time evolution of
the isolated system is governed by the Hamiltonian

ĤS = h̄ν

(
â†â +

1
2

)
+ h̄ωcb̂

†b̂ +
h̄ω0

2
σz

+h̄Ω[σ+ + σ−] + h̄gηc

[
σ+b̂â + σ−b̂†â†

]
(1)

where â†(â) and b̂†(b̂) are creation(destruction) oper-
ators for vibrational phonon and cavity field photon
respectively. Here ν is the frequency of trapping po-
tential.

Decoherence arises due to the interactions of the
quantum system with environment and results in de-
cay of superpositions needed for various computation
related tasks. Environment is modeled as a set of
noninteracting harmonic oscillators [2]. No energy ex-
change between the quantum system and environment
is considered and the pointer observable is energy of
the isolated quantum system. The Hamiltonian for
the system interactiong with environment is

Ĥ = ĤS+
∑

k

ωkB̂†
kB̂k+ĤS

∑
k

(
g∗kB̂k + gkB̂†

k

)
, (2)

where B̂†
k and B̂k are bosonic creation and destruction

operators for the bath modes. The initial state of the
system is assumed to be |g,m− 1, n− 1〉, while the
bath state is

∏
k θk, where θk = Z−1

k e−βωkB̂†
kB̂k and

Zk = (1−e−βωk)−1. Here m,n = 0, 1, ..,∞ denote the
state of ionic vibrational motion and quantized cavity
field, respectively. The state operator for the system
is obtained by solving

ρ̂S(t) = TrB

(
e−iĤ ρ̂(0)

∏
k

θkeiĤ

)
. (3)

The trace over bosonic bath states is evaluated by us-
ing coherent states [3]. The state operator is then
used to calculate linear entropy and negativity, the
measures of entanglement and purity of the system.
In the context of the system at hand the contribu-
tions to decoherence come mainly from low frequency
bath modes. For specific choice of interaction para-
meters, the isolated system evolves to tripartite GHZ
state [4]. We have evaluated analytically the probabil-
ity of GHZ state generation when decoherence effects
are included. Coupling to environment is found to
introduce an exponential decay of off diagonal matrix
elements of density operator ρ̂S(t) and introduce a de-
fasing of various states in the superposition. The GHZ
state generation probability is found to be sensitive to
dephasing.
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Over the past decade multiple demonstrations of 
quantum key distribution (QKD) over dedicated, dark, 
point-to-point optical fibers have been made, but this 
emerging technology would be much more useful if it 
could be made to co-exist with conventional network 
traffic in an all-optical fiber network (AON). This 
challenging environment requires the single-photon QKD 
signals to pass through optical network elements, to be 
extracted from the very strong WDM signal background, 
and the system for doing this must be capable of adapting 
to on-the-fly changes in network path and polarization. 
We have constructed and tested an engineered, network-
friendly system (“F3QKD”) for exploring QKD within 
the AON environment, which implements an 
interferometric realization of the BB84 protocol. This 
modular system’s novel, highly stable interferometer 
design allows easy re-configuration to operate within a 
number of co-existence wavelength domains. Custom 
electronics boards handle the low-level laser, detector and 
clock functions, and allow rapid reconfiguration of the 
system through a software interface. A unique, automated 
synchronization and tuning procedure allows for rapid 
setup, strong background rejection, accommodation of 
network path length changes during operation, and 
session-to-session tune-up of polarization and 
interferometric phase. A complete protocol stack, 
including error correction, privacy amplification, key 
confirmation and the essential authentication foundation 
of QKD, has been implemented. The system has been 
extensively tested at a 10 MHz clock rate at 1,550nm 
over 50km of dark fiber and has been shown to produce 
copious quantities of shared secret bits in self-sustaining 
operation: enough shared secret bits are produced in each 
session that a small portion of them can be used to 
authenticate the next session, as originally envisioned by 
Bennett and Brassard in 1984. From these results the 
performance of F3QKD in AONs can be predicted. 
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Most of the current implantations of fiber-optics
QKD are using weak coherent state (attenuated laser
pulse) as a source. This approach is practical but puts
severe restrictions on the performance of the system.
To be precise it leads to the problem of making the
choice between the system performance and security
level. The use of the single photons can help overcom-
ing this issue.

The talk will present an overview of our efforts
building such system. We have demonstrated the
QKD over the 75 km distance using single photons
produced using parametric down conversion and con-
ditioned gating. The problems specific for the long-
distance fiber-optics QKD are discussed as well as per-
spectives for commercial quantum communication.
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The phase and amplitude of a light pulse are two non-commuting complementary variables and hence 
cannot be determined simultaneously and precisely. However quantum information can be encoded in these 
immeasurable quantities taken together. Quantum information science needs procedures for transferring a 
quantum state of light onto a quantum state of atoms in order to implement quantum networks. An 
experiment implementing such quantum memory for light utilizing an atomic spin polarized gas of 
Caesium atoms at room temperature (shown in the figure) has been recently performed [1]. In [1] an 
unknown weak coherent state of light containing a few photons is mapped and stored in the ground state of 
an atomic ensemble for 4 milliseconds. The fidelity of the mapping up to 70%, significantly higher than the 
benchmark classical memory fidelity [2] has been demonstrated. The storage protocol involves an off-
resonant interaction of light with the spin polarized atomic memory, a subsequent quantum measurement 
on the transmitted light, and a feedback on atoms conditioned on the measurement result. Future plans for 
extending the memory performance towards other quantum states of light and the memory readout 
protocols will be described. 
 

 
 

 
1. Experimental demonstration of quantum memory for light. B. Julsgaard, J. Sherson, J. Fiurasek, 

J.I. Cirac, and E.S. Polzik, Nature, 432, 482 (2004), quant-ph/0410072. 
2. Quantum benchmark for storage and transmission of coherent states K. Hammerer, M.M. Wolf, 

E.S. Polzik, J.I. Cirac, quant-ph/0409109.  
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Suppose one has been given a system in a quan-
tum state that is guaranteed to be one of a known
list of states. The task is to determine which of the
states on the list the system we have been presented
is in. If the possible states are not all mutually or-
thogonal, this cannot be accomplished perfectly. One
approach is to allow mistakes in identification and to
minimize the probability of making an error. A sec-
ond approach, unambiguous discrimination, will never
wrongly identify a state, but will sometimes fail to give
an answer. The object in this case is to minimize the
probability of failure. An extra layer of complexity is
added when the system in question consists of several
parts, and these parts are then distributed to different
observers. By making measurements on their subsys-
tems and communicating classically, the observers are
to identify the state. We discuss previous work on this
problem and present some new approaches. The latter
are based on the requirements that each party mea-
sures his state immediately, so that it is not necessary
to store quantum information, and that the informa-
tion gained about the state as a result of the mea-
surements is the same for all parties [?]. It is shown
how this can be useful for quantum secret sharing. An
optical implementation of one of these procedures is
presented.
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The implementation of a quantum computer using
atoms in an optical lattice and in particular the
determination of the delity of one�qubit and two�
qubit gates� and the relationship of adiabaticity to
delity for these gates will be considered�

Quantum computing with cold atoms in optical
latices ��� �� �� �� and in micro�traps ��� �� rely on
the ability to entangle nearest neighbor atoms in an
e�cient controlled way� In optical lattices� when
two di�erent laser frequencies are used� the e�ective
trapping potential at a lattice cite� has the form of
a double well� Using the lasers� the double well
potential can be controled� with the e�ect of varying
the distances between minima� or the well separation
hight� Nearest neighbors interaction can thus be
manipulated to generate two qubit gates� Ideally each
atom is initially in one of the optical wells� Single
qubits are registered into each atom�s state� In one
scheme the computational basis jni� where n � �� � for
each qubit� is dened by the atom�s internal state 
e�g�
its hyperne level� ��� �� while in another scheme the
ground and rst excited motional states of each atom
in its trap form a single qubit ���� Either way� a two
qubit gate is turned on by bringing the atoms together
and letting their wave�function overlap� During this
overlap a phase is accumulated because of the atom�
atom molecular interaction� Previous works have
used adiabatic evolution to ensure the delity of
the gate� The optical potential was slowly changed
in time� It is desirable to generate gates which
operate as fast as possible� rst because one would
like to achieve e�cient computation� and second�
more importantly� to be faster than the competing
decoherence processes� In Ref� ��� Cirac and Zoller
discuss quantum computing in ion traps and quantum
simulation in optical potentials and suggest that
simulations in optical latices �may turn out to be
the rst real application for quantum information
processing� thanks to the inherent parallelism in this
system� As one among two obstacles 
the rst being
nite temperature defects� they name the slow two�
qubit collisional gate�

The delity of a quantum gate is generally dened
as a quantitative measure of the extent to which the

gate performs its task� More formal denitions will
be discussed� In a quantum gate the external elds
depend on time� The impact of this time dependence
on the delity can be quite subtle� Methods to
optimize the sequence of external elds in order to
achieve fast gates with high delity will be presented�
Our focus is a quantum two�qubit phase gate in

a model for quantum information processing by cold
neutral atoms in an optical lattice where nearest�
neighbors interaction is manipulated by a time�
dependent optical potential� 
as in Refs� ��� �� ���
and as was recently implemented in Refs� ����� Other
experimental systems for quantum information and
quantum computing are not considered explicitely but
the basic ideas presented may be useful there as well�
Desining a faster two�qubit collisional gate is the

purpose of this work� We rst dene the two�qubits
� phase gate and explain its importance� Next we
review the adiabatic realization of such gates in time
dependent optical potentials and suggest the fast
approach scheme where adiabaticity is not required�
Optimal control is then applied and analyzed�
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Corresponding author: M.Orszag (morszag@fis.puc.cl)

Jan 4,2005

In this work, a Universal Quantum Copying Ma-
chine (UQCM) is proposed in a Cavity Quantum Elec-
trodynamic Experiment making use of local Control-
Not (C-NOT) gates with an external field in the dis-
persive regime, in a two high Q cavity scheme.

The No Cloning Theorem derived in 1982 by Woot-
ers and Zurek [1] showed that it is not possible to
construct a device that will produce an exact copy
of an arbitrary quantum state. This Theorem is an
unexpected quantum effect due to the linear super-
positions of quantum states, as opposed to Classical
Physics, where the copying process presents no diffi-
culties, and represents the most significant difference
between the classical and the quantum information.
Thus, an operation like |ψ〉a|0〉b|Q〉x → |ψ〉a|ψ〉b|Q′〉x,
is impossible, where |ψ〉a corresponds to the arbitrary
qubit to copy, |0〉b is the blank state to be copied on
and |Q〉x, |Q′〉x are the initial and final states of the
cloner (the subscripts a, b, x indicate the different
spaces for the input qubit, the blank qubit and the
cloner respectively).

Because of the No Cloning Theorem scientists
ignored the subject of Quantum Cloning up to
1996,when Buzek and Hillery , in a seminal paper,
suggested that non-perfect copies were possible and
proposed the Universal Quantum Cloning Machine
(UQCM) [2], that produced two imperfect copies from,
say an original qubit, the quality of which was inde-
pendent of the input state.

The quality of the copying process is measured
through the Fidelity, that corresponds to the overlap
between the quantum state of the copy |ψcopy〉 and the
state of an ideal output |ψideal〉 (the state of the in-
put qubit). The fidelity is defined as |〈ψcopy|ψideal〉|2,
and can take values between 0 and 1 (1 for a perfect
copy). Both copies produced with the 1 → 2 UQCM
are identical and have a fidelity of 5/6 for any input
state. Later on, in 1998, it was shown that it is the
maximum fidelity of a quantum cloning process [3].

It is possible to generalize the UQCM allowing the
existence of a greater number of inputs and outputs.
In [4] and [5] the authors show how to implement a

cloner that takes N identical input qubits and pro-
duces M output copies (with M>N). In this case the
fidelity is NM+N+M

M(N+2) .

On the other hand it is useful to represent the trans-
formations that happen in the Quantum Cloning pro-
cess (or in any other Quantum Information process)
like a Network of Quantum Logic Gates.[6]. A central
question is how to build an actual Quantum Copier.

In the present work, we propose a protocol that
produces 2 copies from an input state with a fidelity
F = 5/6,in the context of Cavity QED in which the
information is encoded in the electronic levels of Rb
atoms that interact with 2 Nb cavities with a high Q.
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Many physical systems, such as split Bose-Einstein
condensates and molecules or ions in Paul traps, are
characterized by a Josephson-like interaction. In the
present work we refer to a mesoscopic Josephson tun-
nel junction with an external biasing circuit, as a rep-
resentative of the above broad class of sytems, this
choice being related to the prospective application of
superconducting nanocircuits to the implementation
of a quantum computer. The Hamiltonian of the junc-
tion is written as

H = EC(N̂ − ng)2 + EJ

(
1− cos ϑ̂

)
. (1)

In Eq. (1) EC and EJ are the electrostatic and cou-
pling energies of the junction, ng is the polarization
charge induced by the external voltage source, N̂ and
ϑ̂ are canonically conjugated operators corresponding
to the number of excess Cooper pairs and to the phase
difference between the condensate wavefunctions of
the superconducting islands. The superconductive
regime of the junction, λ = EJ/EC À 1, is consid-
ered.

With Ψk(ϑ) (k ∈ INI) the eigenfunction and
Ek its associated energy, the eigenvalue equa-
tion H Ψk(ϑ) = EkΨk(ϑ) is first put in the
form of the Mathieu equation, which leads to the
perturbative expansion of the eigenvalues Ek to
any desidered order. The very structure of this
expansion shows that the junction Hamiltonian
can be diagonalized quite naturally in the Fock
space F .= span {|n〉 | n̂ |n〉 = n |n〉 ; n̂

.= a†a} of
the two-boson Heisenberg algebra generated by
operators A2 and A†2, designed in such a way
as to annihilate and create two bosons at a time(
A2|n〉 =

√[[
n
2

]]|n− 2〉, A†2|n〉 =
√[[

n
2

]]
+ 1|n + 2〉

)

and N̂2
.= A†2A2.

Upon utilizing D̂2
.= n̂−2 N̂2, we obtain the follow-

ing perturbative expansion of the diagonalized junc-
tion Hamiltonian

Hd =
√

2ECEJ

[
H̃ −

(
H̃2 +

1
4

)
ξ

]
+ O(ξ2) , (2)

where ξ = 1/(8
√

2λ) is the perturbative parameter
and H̃ = H̃(N̂2, D̂2). Hd acts on F maintaining the
parity of the number states.

The conservation of the parity of the number states
is then exploited for encoding a qubit in the infinite-
dimensional system described by Hd, the qubit code-
words being defined as the odd and even coherent
states of the two-boson algebra. These states consti-
tute an orthonormal set. Their explicit expression is
|σ〉ζ = e−

1
2 |ζ|2 eζA†2 | 12 (1− σ)〉, where σ = ± and ζ ∈ C

is the label of the coherent state of the two-boson al-
gebra.

The codewords |±〉ζ exhibit a few remarkable fea-
tures. First, they can be utilized, as required by the
stabilizer formalism, to define operators acting on |±〉ζ
in such a way as to generate the Pauli group. In par-
ticular we show that the triple {X,Y, Z}

X
.=

(
II− D̂2

)
(II + n̂)−

1
2 a + H.c. ,

Z
.= eiπn̂ , Y

.= i
1
2
[X, Z] (3)

provides the desired spin- 1
2 representation of the Pauli

operators algebra su(2) over the codewords space.
Furthermore the states |±〉ζ are squeezed, due to

the nonlinearity of the junction Hamiltonian. For the
actual calculations the point is that squeezing in ϑ̂ and
N̂ is more conveniently described in terms of the oper-
ators x and p, which belong to the dynamical quantum
algebra of the junction, since ∆N̂∆ϑ̂ = ∆p∆x and x
and p are expressed in terms of two-boson operators.
The relevant variances with respect to both |±〉ζ are

(∆x)2

(∆p)2
=

1
2
± ξ

[
1 + 2|ζ|2 +

1
4

(
ζ2 + ζ∗2

)]
, (4)

proving that, already to the first order in ξ, we have
squeezing with respect to p.
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Quantum algorithms have promised the use of quan-
tum mechanics to tremendously improve computing
methods. The challenging task in quantum comput-
ing is to develop tools to accurately prepare, control,
and measure the quantum mechanical state of a large
many-body system. Methods based on nuclear mag-
netic resonance, ion traps, and cavity quantum elec-
trodynamics have been demonstrated to be promising
for realizing quantum algorithms. Linear-optics along
with projective measurements have become an alter-
nate testing ground for quantum algorithms. It has
been demonstrated that by using linear-optical ele-
ments and post selection based on results of measure-
ments made on ancilla photons, quantum logic gates,
such as controlled-NOT, can be implemented [1, 2].
However, the search for a scalable physical system of
well-characterized optical qubits remains one of the
most important challenges toward building a linear-
optics quantum processor. In this context we have
been testing a fiber-based source of entangled pho-
tons, which exploits developments in modern optical
communications technology, for quantum information
processing applications.

We have previously shown the use of a nonlinear-
fiber Sagnac interferometer to generate correlated
twin-photon pairs [3, 4] and polarization entangle-
ment [5]. Recently, we also demonstrated storage of
polarization-entangled photons for 125 µs and trans-
mission of polarization entanglement over 50 km [6].
These results show the viability of all-fiber sources for
use in quantum memories and quantum logic gates.
It turns out that the individual photons of the entan-
gled pairs obtained from the fiber source are inher-
ently nondegenerate in frequency, owing to the need
for rejecting the accompanying swamp of pump pho-
tons. Since quantum logic gates are essentially com-
plicated interferometers, it is, therefore, necessary to
explore the multimode path entanglement that can be
obtained with the fiber-generated entangled-photon
pairs before all-fiber quantum logic gates can be re-
alized.

In a recent experiment we have demonstrated an
interferometer scheme in which a frequency post-
selection technique in employed to study the path-

entangled two-photon multimode state

(|ωs, ωi〉1|0〉2 + |0〉1|ωs, ωi〉2)/
√

2.

Such abilities to create in-fiber path entanglement and
interference with two-photon states of different com-
ponent frequencies by use of the telecom-band fiber-
based source of entangled photons provides a scalable
physical system for implementing many of the quan-
tum information processing tasks.

This research was supported in part by the U.S.
Army Research Office under a collaborative MURI
grant DAAD19-00-1-0177.
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Trapped strings of cold ions provide an ideal system
for quantum information processing. The quantum in-
formation can be stored in individual ions and these
qubits can be individually prepared, the correspond-
ing quantum states can be manipulated and measured
with nearly 100% detection efficiency. With a small
ion-trap quantum computer based on two and three
trapped Ca+ ions as qubits we have generated in a pre-
programmed way genuine quantum states. In partic-
ular, entangled states of two particles, i.e. Bell states
[1], and of three particles, i.e. GHZ and W states [2],
were generated using an algorithmic procedure and
their decoherence was investigated. These states are of
particular interest for the implementation of a three-
ion quantum register: we have demonstrated selective
read-out of single qubits (while protecting the other
qubits) and manipulation of single qubits of the reg-
ister conditioned on the read-out results. The gen-
erated states have been measured experimentally us-
ing a technique known as state tomography allowing
the population and phase of the quantum system to
be mapped. Moreover, quantum teleportation with
trapped ions was implemented [3] and can be used as
resource for the transfer of quantum information as
well as for quantum information processing.
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In quantum information and quantum computing,
the carrier of information is a quantum system and
information is encoded in its state. Reading out the
information requires the determination of the state the
system.

The state itself might be the output of a quantum
channel or the result of a quantum computation. We
want to find the optimum measurement that extracts
the maximum information about the state which is a
task in measurement optimization. It is different from
the usual quantum measurement in that we are not in-
terested in the ensemble averaged value of some phys-
ical observable. Instead, every time a system reaches
the output we want to determine its state. Since the
state is not an observable, this sounds at first as an
impossible task. However, quantum processors are de-
signed in such a way that their output is a member of
a set of known states, so the problem consists in deter-
mining which of these states was realized. If the possi-
ble target states are not mutually orthogonal the prob-
lem is difficult and optimization with respect to some
reasonable criteria leads to highly nontrivial measure-
ment strategies. Finding the optimal measurement
strategy is the subject of state discrimination. Very
often, the optimal measurement is a generalized mea-
surement or POVM (Positive Operator Valued Mea-
sure).

We begin by briefly reviewing various possible cri-
teria and the resulting optimal discrimination strate-
gies (for an up-to-date overview of recent progress in
this area see Ref. [1]). In particular, we report on
recent theoretical advances in the unambiguous dis-
crimination of mixed quantum states and present an-
alytical results for this case [2]. The simplest case
of this strategy, discrimination between a pure and a
mixed state, has been successfully applied to devise
a class of novel probabilistic quantum algorithms [3]
and has been demonstrated experimentally, using a
linear optical implementation via generalized interfer-
ometers [4]. We also report recent results related to
communication via unknown quantum states. To this

end, we discuss programmable quantum state discrim-
inators that are universal, i.e. perform optimally on
average, independently of the actual sates used for the
communication scheme and conclude with possible ex-
perimental implementations of this device along with
its algorithmic and cryptographic applications [5].
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Known methods of quantum error correction are
normally designed for specific error models. For exam-
ple quantum error correction codes (mapping of quan-
tum states into error detecting states, QECC) are used
for weakly correlated errors in the Markovian regime
while Dynamical Decoupling (effectivve removal of
the system-environment couplings by periodic appli-
cation of decoupling operations, DD) is used in non-
Markovian regimes usually associated with “bounded”
environments in a Hamiltonian description. These
methods are proposed to improve coherence of quan-
tum information processors.

In the real world, it might as well be more advan-
tageous to use combinations of the above methods for
protection against decoherence. In particular spon-
taneous emission as a random physical process is a
case where the Markovian open system dynamics can
be decomposed into two parts: a non-Hermitian con-
ditional Hamiltonian dynamics, and the branching of
this dynamics as given by random occurrence of quan-
tum jumps (errors). The first part of the dynamics
can then be effectively removed by application of a
fast DD pulse sequence (“bit flips” in this case). For
correction of the quantum jump errors describing the
second part, we devise a simple QECC of n logical
qubits into the n + 1 2-level atoms, under continu-
ous observation. The effect of each quantum jump
(spontaneous emission) should be corrected by means
of a standard detection/recovery procedure. We fur-
ther showed that it is possible to use this encoding
for quantum computation with minimal delay over-
head [1]. We mention similar ideas found in [2] (de-
coherence free subspaces and error correction against
spontaneous emission) and [3] (a general way of us-
ing feedbacks of continuous measurements to affect
the dynamics of an open system in which a contin-
uous variation of the system Hamiltonian is used in
contrast to our use of fast and sharp pulses).

The apparent discrepancy between the two regimes
of decoherence (a Hamiltonian, non-Markovian regime
and a Lindbladian, Markovian regime) and the alge-

braic similarity of DD and QECC formalism as sym-
metrizing operations in these regimes can in fact be
used in more general settings. For example one can
envisage a 5-qubit QECC designed to correct all sin-
gle qubit errors. Now use the stabilizer operators of
this code as DD operations where we combine the two
modes of error correction in the same settings for a
general spatially non-correlated errors. DD will then
protect the conditional part of the dynamics while
QECC will protect the jump part of the dynamics.
Once the quantum operations on this code are in-
corporated along with the DD pulses one can show
that this method offers a way of implementing fault-
tolerant quantum computation [work in progress]. We
finally note another analogy between QECC and DD,
namely the concept of concatenation. Concatenated
(recursively nested) DD pulse sequences offer efficient
convergence rates similar to those obtained in concate-
nated QECCs.
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The subject of this talk takes place in the Time and Frequency domain, or more precisely in the realization
of secondary frequency standards. Applications abound for precision time measurements with the help of the
new-generation cold-atom clocks, as well as for ultra-precise measurements of extremely small putative effects
sought after in fundamental physics, like in some tests of Lorentz invariance.

A cryogenic secondary frequency standard is based on the excitation of a high-order electromagnetic mode,
of the “whispering-gallery” (WG) type, within a cylindrically shaped piece of monocrystalline sapphire (Al2O3)
maintained at a temperature near to that of liquid helium.
Such a resonator currently represents the best solution to realizing frequency instabilities of the order of 1·10−14.
We will present our experimental results for our oscillator with exceptional frequency stability. The oscillator
realizes a short-term fractional frequency instability of less than 7.5 ·10−15. Over the longer term, any frequency
drift is clearly identifiable; the instability at one-day intervals lies below 2 · 10−14. This last result represents
the state of the art for long-term secondary frequency standards[1].

Secondly, we’ll present also the first observation of a bistability phenomenon due to the accidental coincidence
of the frequency of a whispering gallery mode with the electronic paramagnetic resonance (ESR) frequency of
Fe3+ ions within the same sapphire crystal. Such ions present 3 atomic levels making MASER oscillation
possible. Although this phenomenom is particularly well known in lasers composed of saturated absorbers,
theory is currently not known in WG sapphire crystals. We will also present the first realization of a cryogenic
sapphire WG mode resonator MASER, and associated results in terms of frequency stability.
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Quantum 1/f noise is the manifestation of the coher-
ent and conventional quantum 1/f effects (Q1/fE) [1].

The conventional Q1/fE is a fundamental quantum
fluctuation of physical cross sections σ and process rates
Γ, caused by the bremsstrahlung (recoil) energy and mo-
mentum losses of charged particles, when they are scat-
tered, or accelerated in any way.  It is given by the spec-
tral density of fractional fluctuations [1]

Sδσ/σ(f) = (4α/3πNf)(∆v/c)2, (1)
where α=e2/h́ c=1/137 is the fine structure constant, ∆v is
the vector velocity change in the scattering process
considered, and N is the number of particles used to
define both the notion of current, and the cross section σ.

The closely related coherent Q1/fE is present in any
current carried by many particles.  This effect arises in a
beam of electrons (or other charged particles propagating
freely in vacuum) from the definition of the physical
electron as a bare particle plus a coherent state of the
electromagnetic field.  It is caused by the energy spread
characterizing any coherent state of the electromagnetic
field oscillators, according to the uncertainty principle,
because the phase of the harmonic oscillators is known.
This knowledge precludes exact knowledge of the en-
ergy, according to Heisenberg’s uncertainty relation.
The energy spread spells non-stationarity, i.e., fluctua-
tions.  To find the spectral density of these inescapable
basic fluctuations, which are known to characterize any
quantum state which is not an energy eigenstate, we use
an elementary physical derivation based on Schrödinger's
definition of coherent states, followed by a rigorous deri-
vation from a well-known quantum-electrodynamical
branch-point propagator.
The coherent quantum 1/f effect will be derived in three
steps: first we consider a hypothetical world with just a
single mode of the electromagnetic field coupled to a
beam of charged particles; considering the mode to be in
a coherent state, we calculate the autocorrelation function
of the quantum fluctuations in the particle-density (or
concentration) which arise from the nonstationarity of the
coherent state.  Then we calculate the amplitude with
which this one mode is represented in the field of an
electron, according to Coulomb’s law.  Finally, we take
the product of the autocorrelation functions calculated for
all modes with the amplitudes found in the previous step.

Let a mode of the electromagnetic field be character-
ized by the wave vector q, the angular frequency ω = cq
and the polarization λ, in short by “q”. The coherent state
[1] of amplitude |zq| and phase arg zq then has the form

|zq> = exp[-(1/2)|zq|
2] exp[zqaq

+] |0>

= exp[-(1/2)|zq|
2] [∑

n=0

∞
 (zq

n) /n!]|n>.     (2)

Here aq
+ is the creation operator which adds one energy

quantum to the energy of the mode, and all sums go up to
∞.  Let us use a representation of the energy eigenstates
in terms of Hermite polynomials Hn(x)

|n> = (2nn! √π)-1/2 exp[-x2/2] Hn(x) einωt.  (3)

This yields for the coherent state |zq> the representation
ψ

q(x)=

exp[-(1/2)|zq|2]exp[-x2/2]∑
n=0

∞
  [zqeiωt]n/[n!(2n√ω)]1/2Hn(x)

=exp[-(1/2)|zq|2]exp[-x2/2]exp[-zq
2e-2iωt + 2xzqeiωt].  (4)

In the last form the generating function of the Hermite
polynomials was used.  The corresponding autocorrela-
tion function of the probability density function, obtained
by averaging over the time t or the phase of zq, is, for

|zq|<<1, Pq(τ,x) = <|ψq|t2 | ψq|t+τ
2  >

= {1 + 8x2|zq|
2[1 + cos ωτ] - 2|zq|

2}exp[-x2/2]. (5)
Integrating over x from -∞ to ∞, we find the autocorrela-
tion function

A1(τ) = (2)-1/2{1 + 2|zq|2cos ωτ}.               (6)
We now determine the amplitude zq by Fourier

expanding the electric potential e/r of a charged particle

in a box of volume V: |zq|2 = π(e/q)2(h́ cqV)-1.

Considering now all modes of the electromagnetic field,
we obtain from the single - mode result of Eq. (6)

  A(τ) = C Πq{1 + 2|zq|
2cos ωqτ} (7)

=C{1+Σq2|zq|
2cosωqτ}=C{1+4(V/23π3)∫d3q|zq|

2cos ωqτ}

Here we have again used the smallness of zq and we have

introduced a constant C. Using the |zq|2 expression,

A( τ ) = C{1 + 4π(V/23π3)(4π/V)(e2/h́ c) ∫(dq/q)cos ωqτ}
= C{1 + 2(α/π) ∫cos(ωτ)dω/ω}.      (8)

The autocorrelation and spectrum Sδj/j(f) of the relative

density or current j=e(k/m)|ψ|2 fluctuations is the second
term in curly brackets divided by the first term
S|ψ|

2<|ψ|2>-1 = Sj<j>-2 = 2(α/πfN) = 4.6•10-3 f-1N-1.  (9)
    In conclusion, the paper will show how the uncertainty
relations yield both the coherent and conventional Q1/fE.
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 We start here first with a schematic derivation of the 
entropy of a Quantum 1/f Noise state (see Q1/f [1], this volume) 
which clarifies the essential elements.  Let's simplify our world 
and assume only one electromagnetic mode of the universe 
would be present, with frequency ω and wave vector k. 
Consider the field mode in its ground state and a pair of 2 
incoming identical charged particles with the same well-defined 
wave vector are being scattered by some potential.  Both the 
initial (incoming) and the final (scattered) state represent a pure 
state.  The initial state is |++->o, where we reserved the first two 
arguments of the ket for the two electrons and the last (-) for the 
field.  Due to the interaction with the field, the final state will be  
|f> = (|++-> + γ|+-+>/√2 + γ|-++>/√2)/(√1+γ2),  (3) 
where γ is the emission amplitude of a bremsstrahlung photon, 
i.e., for the excitation of the field oscillator from its ground state 
(-) to its first excited state (+).  The first two arguments label the 
state of the charged particles, indicating the presence of an 
energy loss with (-) and the persistence in the same energy state 
with (+).  The third argument of the kets always labels the field 
oscillator, as mentioned. 
 The corresponding density operator of the pure state 
obtained is ρ = |f><f|.  Its quantum von Neumann entropy S/k = 
σ = -Tr(ρ log ρ) is zero.   
 Ignoring the field oscillator, i.e., taking the trace of over 
the field oscillator label, we obtain a classically correlated 
system, described by the density operator  
 [|++><++| + γ2(|+-> + |-+>)(<+-| + <-+|)/2]/(1+γ2).   (4) 
The second term gives the Q1/f noise at f=ω/2π, as we show in 
“Q1/f” in this volume, or below.  The corresponding entropy is 
  log(1+γ2) - (γ2logγ2)/(1+γ2) > 0 for 0≤γ2≤1.   
The entropy of the system thus appears to have increased 
although according to quantum mechanics it can not increase.  
Indeed, according to quantum mechanics, time evolution of a 
state occurs through a unitary transformation.  The latter, 
however, is known to leave σ = -Tr(ρ log ρ) invariant. 

The QIT [26] allows for a solution of this contradiction, as 
we prove for the first time here.  When two systems A and B 
with quantum von Neumann entropy σ(A) = -Tr

A
(ρ

A
logρ

A
) and 

σ(B) = -Tr
B
(ρ

B
logρ

B
) form a composite system AB of entropy 

σ(AB) = -Tr
AB

(ρ
AB

logρ
AB

), we can prove that we have to write 

 σ(AB) = σ(A) + σ(B|A) = σ(B) + σ(A|B),    (5) 
in perfect analogy with classical entropies or information. We 
introduced σ(A|B) as the von Neumann entropy of A 
conditional on B, or the entropy of A when we know B: 
 σ(A|B) = -Tr

AB
[ρ

AB
logρ

A|B
].      (6) 

Here we have introduced the conditional density matrix ρ
A|B 

= 
ρ

AB
(1

A
⊗ρ

B
)-1, the quantum analog similar to the classical 

conditional probability, where ⊗  is the tensor product in the 
joint Hilbert space and ρ

B
=Tr

A
(ρ

AB
) is the marginal density 

matrix obtained by taking a partial trace over the variables of A.   
Negative Entropy.  The conditional entropy is usually negative 
in quantum entangled states.  Finally, we introduce the quantum 

mutual entropy which represents the shared entropy, 
corresponding to the mutual information between A and B: 
 σ(A:B) = -Tr[ρ

AB
logρ

A:B
] ≡ σ(Α) + σ(Β) − σ(ΑΒ),   (7) 

where   ρ
A:B 

= ρ
AB

(ρ
A
⊗ρ

B
)-1.     (8) 

Taking all logarithms in the base of 2, the entropies will be 
expressed in bites.  Considering our paradoxical case discussed 
above for simplicity with γ2=1, we obtain the following entropy 
diagram of our quantum mechanically entangled triplet of three 
systems comprising the charged particles A and B, as well as 
the field oscillator C: 

    
Fig. 1: Entropy diagram of the quantum mechanically entangled 
triplet of the charged particles A and B, and  field oscillator C. 
 Here the quantum conditional entropies are underlined for 
emphasis, and the mutual quantum entropy has double 
underlining.  Dotted underlining marks the mutual entropy of 
two of the subsystems, which is, however, not the mutual 
entropy of the whole system.  We see that A, B and C have each 
1 bit of entropy, as we expect, since each can be in a + or - 
state.  In addition, σ

ABC
 = 0 as expected for a pure state.  The 

negative conditional entropies indicate that this state is not 
classical. 
 If we ignore C by tracing over it, we obtain the classically 
correlated system AB with its positive entropy of 1 and the 
negative quantum entropy state of the ignored field oscillator, 
conditional on AB: 
   

  
Fig. 2: By tracing over C, we get a classically correlated system 
AB with its positive entropy of 1 and the negative quantum 
entropy state of the ignored field oscillator, conditional on AB. 
 In conclusion, the negative conditional entropy of the ig-
nored field oscillator compensates the positive entropy of the 
system of two particles.  Unitarity and entropy conservation are 
both satisfied.  This is the solution of the paradox.  It explains 
why our earlier explanation of the Q1/fE in terms of a two-par-
ticle wave function was correct, in spite of the apparent increase 
in entropy.  The quantum 1/f effect appears to generate entropy, 
but this is only because we do not observe the negative condi-
tional entropy contribution of the photons, or of the oscillator 
states present in the photon cloud of a physical charged particle.  
The latter applies to the coherent Q1/fE [1]. 
 [1] A.G. Tournier and P.H. Handel in this volume. 
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Quantum imaging can be used to construct images
that are sharper or are more sensitive to features of
low contrast than is allowed by conventional imag-
ing techniques. In this contribution, we describe an
experimental and theoretical investigation of the pro-
cess of coincidence (or ghost) imaging with the goal of
establishing any limitations to the usefulness of this
method and of establishing which features of the coin-
cidence imaging process are quantum and which can
be understood in terms of classical correlations.

The process of coincidence imaging using an entan-
gled light source [1] is illustrated in Fig. 1. Here a laser
beam excites a second-order nonlinear optical crystal,
and through the process of parametric downconversion
a pair of entangled photons is created. One of these
photons illuminates an object, and a non-imaging de-
tector (a bucket detector) registers the scattering of
the photon from this object. The other photon of the
pair is directed onto an imaging device, a photode-
tector array. A coincidence circuit records the output
of the imaging detector only when triggered by the
bucket detector. A sharp image of the object is thus
obtained, even though the photons that fall onto the
imaging detector have never interacted with the ob-
ject.

There has recently been a discussion in the litera-
ture regarding the conditions under which coincidence
imaging can occur and in particular on whether coinci-
dence imaging is an intrinsically quantum process. We
have recently [2] performed an experiment to examine
these issues. Our experimental setup and results are
shown in Fig. 2. In part (a), an object in the form
of a two-bar mask is imaged onto the plane of the
parametric downconverter. In part (b), the object is
placed in the far field of the downconverter. In both
cases a sharp image of the object is obtained by the
coincidence circuit. We have also obtained results for
the situation in which the parametric downconverter
is replaced by a classically correlated source. In this
case, we obtain sharp images for an object in either
the near or far field but not in both. These results
can be understood from the point of view that, in the
quantum case, the observer can wait until the photon

PDC
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"bucket" detectorobject to be imaged

coincidence 
circuitry

entangled photon pair

Figure 1: The process of coincidence imaging.
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Figure 2: Experimental setups (a,b) and measure-
ments (c,d) showing coincidence images of a two-bar
masks in both the near (a,c) and far (b,d) fields.

pair is emitted before deciding whether the measure
the position or (transverse) momentum of one of the
photons. The analogous quantity for the other photon
is then precisely determined.
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One of the originally proposed applications of 
squeezing was reduction of noise in optical 
communications. Even though this idea was 
quickly proven unpractical owing to the little 
tolerance of the squeezed states to transmission-
channel loss, this started the process of cross-
fertilization between the quantum optics and 
optical communications that has continued to this 
day. Leaving aside the potential communication 
benefits of quantum cryptography and 
teleportation, we can emphasize that even the basic 
squeezing concepts have already found their use in 
real telecom world and, vice versa, the new ideas 
from fiber optics have provided novel ways to 
achieve the quantum noise reduction.  
 A profound example of such cross-fertilization 
is the use of nonlinear interferometers for optical 
signal regeneration. The Kerr-medium Mach-
Zehnder and Sagnac interferometers were 
originally proposed for generation of squeezed 
vacuum or amplitude-squeezed light. It was soon 
understood that any classical noise is also 
considerably suppressed in these devices, which 
led to creation of all-optical regenerators based on 
nonlinear optical loop mirrors (i.e. Sagnac 
interferometers) and semiconductor-optical-
amplifier-based Mach-Zehnder interferometers. 
Another cross-fertilization example is the 
application of soliton-noise control technology 
developed in fiber communications to the 
generation of amplitude-squeezed light through 
soliton propagation followed by spectral filtering. 
 Further use of squeezing concepts in 
communications can be associated with phase-
sensitive amplifiers (PSA). In optical 
communications, the chain of PSAs can double the 
system reach distance because of their 3-dB noise-
figure advantage. In addition, the noise suppression 
in the phase quadrature leads to reduction of timing 
jitter and, potentially, full regeneration of binary-

phase-shift-keying-like formats. While the original 
demonstrations of noiseless amplification by the 
PSAs in bulk media were done in early 90s, it was 
not until 1999 that the first noiseless fiber 
amplifiers were demonstrated. One of the biggest 
obstacles to the fiber PSA implementation was the 
guided-acoustic-wave Brillouin scattering 
(GAWBS) noise inherent to fiber-interferometer-
based devices. In addition, such fiber PSAs could 
only work as lumped optical elements, and the 
Raman amplifiers, although phase-insensitive, 
could provide far greater signal-to-noise-ratio 
improvement owing to their distributed nature 
(amplification of the signal within the fiber span). 
In fact, the distributed amplifier that balances its 
gain and fiber loss α at every point, achieves the 
fundamentally highest signal-to-noise ratio for a 
given nonlinear phase shift accumulated by the 
signal in the span. The corresponding ideal 
distributed amplifier noise figure NFPIA=1+2αL 
grows as lnG = αL. Modern Raman amplifiers 
come to a fraction of a dB above this limit, with 
the remaining difference owing to the contribution 
from the thermally excited phonons. 
 Frequency non-degenerate four-wave mixing 
(NDFWM) in fibers provides an alternative 
opportunity for building a practical PSA, in which 
the input signal is prepared in a special two-
sideband format. Not only does this non-
interferometric approach avoid the GAWBS issue, 
but also it enables the use of the PSA in the 
distributed configuration, where it can lead to the 
new ideal distributed amplifier limit of 
NFPSA=1+αL. Interestingly enough, the de-
amplified quadrature of such a distributed PSA 
maintains 3-dB squeezing despite the fiber loss. 
 In the presentation, we will outline the 
challenges and implementation approaches for the 
NDFWM-based distributed PSA capable of 
reaching this fundamental noise-figure limit. 
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The quantum noise of the light field is a funda-
mental noise source in interferometric gravitational
wave detectors. It has been long known that injected
squeezed light is capable of reducing the quantum
noise contribution to the detector noise floor to values
that surpass the so-called Standard-Quantum-Limit
(SQL). For an overview see Ref. [1]. Furthermore it
has been shown that advanced interferometer topolo-
gies including a carrier-detuned signal-recycling cavity
can also fully benefit from squeezed states, Fig. 1. In
particular, squeezed light is useful for the detection of
gravitational waves at high frequencies where interfer-
ometers are typically shot-noise limited, although the
SQL might not be beaten in this case [2, 3]. In a recent
table-top experiment a squeezing-enhanced Michel-
son interferometer with power-recycling was demon-
strated [4].
Here we report the demonstration of a squeezing-
enhanced power- and signal-recycled Michelson inter-
ferometer. Squeezed vacuum states are injected into
the interferometers’ dark port replacing the ordinary
vacuum. The particular property of our setup is the
fact that the squeezed states sense a carrier-detuned
(signal-tuned) cavity. Reflection from a detuned cav-
ity results in a frequency dependent rotation of the
squeezing ellipse. In consequence, the sub-shot-noise
property is not detected in the signal carrying quadra-
ture for all neighbouring frequencies and no broad-
band sensitivity improvement is obtained. In our ex-
periment we solved this problem by applying a vacuum
field with a proper initial orientation of the squeezing
ellipse and demonstrated a broadband sub-shot-noise
improved signal-to-noise-ratio of the signal-recycled
interferometer.
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Figure 1: Michelson interferometer with power-
recycling and signal-recycling (so-called dual-
recycling). The power-recycling mirror in the bright
port enhances the light power within the Michelson
arms. The signal-recycling mirror in the dark port
can be tuned on a specific signal frequency thereby
providing a resonant interferometer response. Vac-
uum noise enters the interferometer from the dark
port and is back reflected onto the photo diode. If
the ordinary vacuum noise is replaced by a squeezed
vacuum, the quantum noise limited sensitivity of the
interferometer can be improved.
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Heisenberg’s uncertainty principle has been under-
stood to set a limitation on measurements by assert-
ing a lower bound of the product of the imprecision of
measuring one observable and the disturbance caused
in another noncommuting observable. However, the
long standing mathematical formulation established
by Heisenberg, Kennard, and Robertson does neither
allow such an interpretation, nor has served to provide
a reliable and general precision limit of measurements.
In fact, it has been clarified through the controversy on
the validity of the standard quantum limit relative to
the gravitational wave detection and quantum nonde-
molition measurements that the purported reciprocal
relation on noise and disturbance was not generally
true [1].

Although such a state of the art has been undoubt-
edly resulted from the lack of reliable general mea-
surement theory, the rapid development of the theory
in the last two decades has made possible to establish
a universally valid uncertainty principle for the most
general class of quantum measurements, which will be
useful for precision measurements and quantum infor-
mation.

In Ref. [2] it was shown that the statistical proper-
ties of any physically possible quantum measurement
is described by a normalized completely positive map
valued measure (CP instrument), and conversely that
any CP instrument arises in this way. Thus, we natu-
rally conclude that measurements are represented by
CP instruments, just as states are represented by den-
sity operators and observables by self-adjoint opera-
tors. We have clarified the meaning of noise in the gen-
eral measurement model and shown that this notion
is equivalent to the distance of the POVM of the CP
instrument from the observable to be measured, and
hence the noise is independent of particular models
but depend only on the POVM of the instrument [3].
We have also shown that the disturbance in a given
observable is determined only by the trace-preserving
completely positive map associated with CP instru-
ment [3].

Under the above formulation, we have generalized
Heisenberg’s noise-disturbance uncertainty relation to

a relation that holds for any instruments, from which
conditions have been obtained for measuring instru-
ments to satisfy the original Heisenberg’s relation [3].
In particular, every instrument with the noise and the
disturbance statistically independent from the mea-
sured object is proven to satisfy Heisenberg’s relation
[3].

The Wigner-Araki-Yanase (WAY) theorem states
that any observable which does not commute with
an additively conserved quantity cannot be measured
with absolute precision. We have shown that the
above new formulation of the uncertainty principle
can be used to derive the quantitative expression of
the WAY theorem, by which the lower bound of the
noise decreases with the increase of the uncertainty of
the conserved quantity in the apparatus [4].

As applications of the quantitative generalization
of WAY theorem, we have considered the accuracy of
implementing Hadamard, CNOT, Toffoli, and Fredkin
gates, and obtain the lower bound of error probability
unavoidable under an arbitrarily given conservation
law. From the obtained general lower bound, we have
concluded that for the currently proposed spin compu-
tational basis, any rotationally invariant interactions
over the computational qubit(s) and n ancilla qubits
can realize each of the above quantum gates only with
the error probability ∼ 1/(4n2) [5].
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In the last decade the noise characteristics of the
semiconductor lasers have been deeply investigated
and several research groups have demonstrated the
possibility to generate intensity squeezed light with
these devices. Indeed, these laser sources are partic-
ularly well suited for the implementation of the prin-
ciple of the pump-noise suppression since they can be
driven with a current which present fluctuations well
below the shot noise level. The highly efficient car-
rier to photon conversion allows to transfer the sub-
poissonian statistics of the electrons to the emitted
light, resulting in a reduction of the intensity noise of
the laser. In this simple picture the squeezing is lim-
ited only by the quantum efficiency of the laser. How-
ever, in experiments in which the pump-noise is sup-
pressed, the measured intensity noise is always above
this limit. One explanation for this is the existence
of mode partition noise when the laser is multimode.
Even when mode partition noise is eliminated by the
application of suitable line narrowing techniques, the
measured intensity noise remains above the theoreti-
cal limit, suggesting the presence of additional noise
sources [?]. In the literature basically two mechanisms
are recognized as responsible of this excess noise: the
Petermann factor, and the pump-blocking effect. The
first derives from the projection in the lasing mode
of the noise of the sub-threshold high order trans-
verse modes and is due to the non-orthogonality of
the eigenmodes of the laser cavity. The second is the
decreasing of the pumping rate due to the saturation
of the lasing transition: if the carrier number rises
above its stationary value, more of the injected car-
riers find occupied quantum states, and therefore less
of them are allowed into the active layer. This leads
to a hindering of the pump noise suppression. The
macroscopic counterpart of the pump blocking is the
leakage current which also produces measurable volt-
age fluctuations across the laser junction.

The purpose of this work is to find a measurable
quantity which allows us to clearly identify the contri-

butions of these different noises sources. To this end
we have experimentally and theoretically investigated
the intensity noise of the laser beam, the voltage noise
across the laser due to the leakage current and the cor-
relations between the voltage noise and the intensity
noise of the light. The experimental set-up is based
on an index guided quantum well semiconductor laser
operating at 850 nm. Truly single mode operation
and sub-shot noise emission are achieved by feedback
from a grating in Littrow configuration. The intensity
noise is measured by a standard balanced homodyne
detection and a spectrum analyser; the voltage noise
fluctuations are measured by mean of a specially de-
signed circuit and a spectrum analyser. A correlator
is employed to get the light-voltage correlations. The
theoretical analysis of the laser features is carried out
by means of a model based on the quantum Langevin
approach that takes into account the Petermann fac-
tor and the leakage current fluctuations as additional
noise sources. The accurate comparison of the experi-
mental results with the theoretical predictions clearly
indicates that the Petermann excess noise and the
leakage current excess noise contribute in a different
way to the light-voltage correlations. Hence, measur-
ing the light voltage-correlations and fitting them with
our model we are able to estimate the contributions
of these additional noise sources very precisely. The
same accuracy could not be achieved measuring just
the intensity noise. Our analysis shows that both the
Petermann factor and the leakage current have to be
taken into account to achieve good agrement between
experimental results and theoretical predictions.
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We connect three phenomena of wave packet dy-
namics: Talbot images, revivals of a particle in a box,
and fractional revivals. The physical origin of these
effects is deeply rooted in phase factors which are
quadratic in a quantum number leading to Gauss sums
familiar from number theory. We show that the char-
acteristic structures and the time evolution of these
systems allow us to factorize large integers. More-
over, we show that two-photon transitions in atoms
driven by a chirped laser pulse also lead to Gauss
sums. We also discuss the influence of entanglement
in these schemes.
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We review the mathematical and physical aspects
of Talbot's self-imaging e�ect occurring in near-�eld
di�raction. In the paraxial approximation, the Talbot
images are formed at distances z = p=q, where p and
q are coprimes, and are superpositions of p equally
spaced images of the original Ronchi grating. This
interpretation gives the possibility to express this ef-
fect through Gauss sums. We show that it is worth
mentioning the straightforward correspondence of the
mathematical representations of di�raction and dis-
persion. Although dispersion deals with continuous
functions, such as gaussian and supergaussian pulses,
whereas in di�raction discontinuous functions occur,
the mathematical correspondence enables to charac-
terize the Talbot e�ect in this context.

We also discuss the special wave-particle duality as
posed by the Helmholtz equation (the wavy approach)
and Fresnel integrals (particle-like behaviour) as natu-
rally represented by the reciprocity property of Gauss
sums within the aforementioned approximation.

Finally, we present some hints on the connection
between the optical Talbot e�ect and the revival phe-
nomena in quantum optics and quantum mechanics
by displaying an empirical comparison of their math-
ematical representations and some related results on
both phenomena.
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Applications of the generalised Pauli group in prime,

prime power and non-prime dimensions.
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Abstract: It is known that finite fields with N ele-
ments exist only when N is a prime or a prime power.
When the dimension N of a finite dimensional Hilbert
space is a prime power, we can associate to each basis
states of the Hilbert space an element of a finite or
Galois field, and construct a finite group of unitary
transformations, the generalised Pauli group or dis-
crete Heisenberg-Weyl group [1]. Its elements can be
expressed, in terms of the elements of a Galois field
through the following equation [2]:

V j
i =

N−1∑
k=0

γ
((k⊕Gi)�Gj)
G |k ⊕G i〉〈k|, (1)

where ⊕G and �G represent the field operations (ad-
dition and multiplication). When the dimension is
a prime p, these operations reduce to the operations
modulo p. This group presents numerous applications
in Quantum Information Science e.g. tomography,
dense coding, teleportation, error correction and so
on.

For instance the bases that diagonalize the gener-
alised Pauli operators also generalize the X, Y, and Z
qubit bases in the sense that are mutually unbiased or
maximally conjugate [3]. Beside, the N2 elements of
the group are in one to one correspondence with gen-
eralised Bell states [2] that play a crucial role in many
applications of quantum information. The aim of our
talk is to give a general survey of these properties
and to present recently obtained results in connection
with three problems: (1).Symmetric Informationally
Complete POVMs are associated to the generalised
Pauli group [4]. They are interesting in the sense that
they were shown to exist also in non-prime dimensions
(the operations are then the usual modulo operations).
They provide an optimal tool for tomography because
thanks to their symmetry under the generalised Pauli
group they make it possible to minimize the number of
repetitions of the measurements necessary in order to
estimate an unknown quantum state with a given pre-
cision. Their existence was shown analytically only for
certain low dimensions, but numerical methods show
that they are very likely to exist for, grosso modo,
the hundred first dimensions. A strict proof of their

existence is still missing. (2) Discrete phase-space rep-
resentations. The generalised Pauli operators form a
basis for linear operators and, in prime power dimen-
sions, it is possible to obtain the coefficients of the
development of an arbitrary density matrix in this ba-
sis by performing a minimal number of von Neumann
measurements (N + 1) [5, 3]. The coefficients provide
a discrete version of the Wigner function and possess
interesting properties, specially in even prime power
dimensions [6]. (3) Finally we shall present a new so-
lution of the Mean King’s problem, in arbitrary prime
power dimensions [7]. Such solutions provide a way
to ascertain the values of N+1 observables that are
maximally complementary in the sense that they are
diagonal in mutually unbiased bases.
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TRANSFORM

LUIS L. SÁNCHEZ-SOTO1, ANDREI B. KLIMOV2, AND HUBERT DE GUISE3
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A complete set of d + 1 mutually unbiased bases
exists in a Hilbert spaces of dimension d, whenever
d is power of a prime. We discuss a simple construc-
tion of d + 1 disjoint classes (each one having d − 1
commuting operators) such that the corresponding
eigenstates form sets of unbiased bases. One of these

classes is diagonal, and can be mapped to “ladder”
operators by means of the finite Fourier transform.
Using this idea, we naturally introduce the notion of
quantum phase as complementary to the inversion.
The relevant examples of qubits and qutrits are dis-
cussed.

1
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Galois algebras of squeezed quantum phase states
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Coding, transmission and recovery of states with
high security and efficiency, and with low fluctuations,
is the main goal of quantum information protocols and
their physical implementation. Quantum phase states
originating from Galois algebra, and their quantum
optics based realization, seems to fill the promise.

We first review the construction of complete (i.e.,
of cardinality q + 1) sets of mutually unbiased bases
(MUBs) of such quantum phase states in a Hilbert
space of finite dimension q = pm, employing the al-
gebra of Galois fields Fq of odd characteristic p (for
qudits), and that of Galois rings Rq of characteristic 4
(for qubits) [1]. Our construction is based on the ad-
ditive (and the multiplicative) characters of such finite
fields and rings, in the spirit of [2] and [3].

We investigate the complementarity properties of
the corresponding Hermitian phase operator with re-
spect to the number operator. We also study the
phase probability distribution and variance for physi-
cal states and find them related to the Gauss sums,

G(ψ, κ) =
∑

n∈F∗q

ψ(n)κ(n), (1)

where ψ(n) represent multiplicative characters and
where the additive characters are κ(n) = ω

tr(n)
p , with

ωp = exp(2iπ/p) and tr(n) being the field theoretical
trace from Fq to Fp. A similar formula holds for the
rings Rq with ωp replaced by i and the corresponding
trace mapping from Rq to R4 = Z4. This allows the
use of well-studied number theoretical concepts as an
efficient tool in our quest for the minimum uncertainty
in quantum phase measurements. In particular, from
the MUBs the phase variance for a class of pure phys-
ical phase states is found to be either zero for a trivial
multiplicative character ψ = 1 (perfect squeezing) or
scales as q−1.

Complete sets of MUBs are also used to derive sets
of maximally entangled states. The generalized Bell
states in characteristic 4 are of the form

|Ba
h,b〉 =

1√
d

∑

n∈Rq

itr[(a⊕2¯b)¯n]|n, n⊕ h〉, (2)

where the addition ⊕ and multiplication ¯ are per-
formed in the Galois ring (as already introduced in
the context of quaternary codes [4]), and b, a, h are
indices for the vectors, MUBs and the maximally en-
tangled states, respectively. Conventional Bell states
correspond to q = 4.

The Galois algebras are the crossroad of a number of
important concepts, like mutual unbiasedness, quan-
tum coherence and entanglement. Therefore, the ap-
plications such as transmitting secrete quantum keys,
state recovery, error correction and computing should
greatly benefit of this formalism. Recently, this ap-
proach has also been found to be intimately linked
with the concept of finite projective planes and their
particular geometrical objects called ovals [5].
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Using discrete Wigner functions in quantum information
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Discrete versions of Wigner functions can be defined
using a phase space grid with N ×N points when N ,
the dimensionality of the Hilbert space, is a power of
a prime number. In this talk I will review the main
properties of this function and show how it can be
applied to solve some problems inspired by quantum
information. Dynamical evolution in phase space will
be described and a simple ”squeezing” operator will
be presented and analyzed.
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Quantum evolution in a discrete phase space
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We study time evolution of the discrete Wigner
function for quantum systems of dimension d = pn,
where p is a prime number.

In the prime dimension case, d = p = 2j + 1, the
Weyl symbol of an operator f is defined as [1]

Wf = Tr [f∆(α, β)] , (1)

where the operational kernel ∆ (α, β) is

∆ (α, β) =
1

2j + 1

j∑

γ,δ=−j

ω
(−2−1γδ + αδ − βγ

)
ZγXδ,

(2)
where ω = e2πi/(2j+1), ωa = ω (a) , is a root of unity,
and X and Z are generators of the discrete Pauli group
[2] XβZα = ω−αβZαXβ . The discrete Wigner func-
tion is defined as a Weyl symbol of the density matrix:
W (α, β) = Wρ (α, β).

We find the Moyal-like form [3] of the star-product

Wfg (α, β) = Wf ∗Wg = L̂ [Wf (α, β) Wg (α, β)] ,

L̂ = ω
(
2−1 [δβ ⊗ δα − δα ⊗ δβ ]

)
,

where the operator δ is defined according to

ω (δα) W (α, β) = W (α + 1, β).

It is shown that in the limit of large dimensions, j À 1,
the action of the δ-operator on the Wigner function of
localized states can be approximated as

2πi

2j + 1
δα,βW (α, β) ≈ ∆α,βW (α, β) , ∆ =

1
2

[∇+ ∆] ,

where ∆ and ∇ are the standard shift operators:
∆f(a) = f(a + 1) − f(a),∇f(a) = f(a) − f(a − 1).
This allows us to write down the evolution equation
in the limit j À 1:

i∂tW ' δαWH∆βW − δβWH∆αW.

The above evolution equation is applied for studying
the phase-space dynamics of finite dimensional quan-
tum systems under action of some non-linear Hamil-
tonians.

In the case of power prime dimensions, d = pn, we
use the operational basis [4] to define the Weyl sym-
bols in a similar way as in (1)-(2). This allows us
to find a simple form for the star-product and apply
it for studying quantum dynamics of composite sys-
tems, in particular the phase-space representation of
the entanglement between two large systems of the
same (prime) dimension. The comparison with the
Wootters´s definition of the discrete Wigner function
[5] is given.
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Expectation-value representation and minimal POVM’s

in a finite-dimensional Hilbert space
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Consider a mixed (unnormalized) state ρ of a quan-
tum system in a Hilbert space with dimension N . It is
possible to faithfully describe the operator ρ by speci-
fying N2 positive numbers which take values between
zero and one [1]. These numbers coincide with the
expectation values of ρ with respect to (almost) any
collection of N2 spin-coherent states [2]. The opera-
tors involved in this expectation-value representation
are not only complete as follows from the associated
resolution of unity but their number is also minimal.
In other words, the projectors on the spin-coherent
states form a minimal operator-valued measure (OVM,
for short) lacking, however, the property of positiv-
ity: some of the operators in the resolution of unity
have negative coefficients. Minimal POVM’s in finite-
dimensional Hilbert spaces for both pure and mixed
states have attracted interest recently [3, 4, 5]. It is
shown that one can always construct a minimal posi-
tive OVM from the minimal OVM associated with the
expectation-value representation.
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Optimisation of spatial squeezing and measurements

below the quantum noise limit.

H-A.Bachor1, V.Delaubert2, C.C.Harb1, P.K.Lam1,M.T.C.Hsu1, N.Treps2, C.Fabre2

1ACQAO, Australian National University, Canberra, 0200, Australia

2LKB, Universite Paris Pierre and Marie Curie, Paris 05, France

Corresponding author: Hans-A.Bachor (hans.bachor@anu.edu.au)

Spatial measurements, such as the detection of the
displacement and tilt of a beam of light suffer from
similar limitations as the measurements of temporal
signals. The signal to noise ratio is limited by the
quantum noise. However, it is possible to surpass this
limit using spatial squeezing, in analogy to conven-
tional temporal squeezing.

Each spatial detector has a special set of eigen-
modes, and it is these squeezed modes that have to
be generated. For example the eigenmodes of the
simplest detector, the split detector, are the so called
flip modes with a pi phase discontinuity across the
beam. For the spatial homodyne detector the eigen-
modes are the Hermite Gaussian TEM01 and TEM10
modes. We show the detailed performance of these
detectors.

In this talk the technical challenges are discussed.
We show how nonclassical beams can be synthes-
ized which have the optimum properties for the vari-
ous spatial measurements. Experiments are presented
which demonstrate sub QNL measurements for both
the split detector [1],[2] and, for the first time, for the
spatial homodyne detector. For example Fig. 1 shows
the comparison of the measurement of beam displace-
ment and tilt with a homodyne detector, with and
without squeezed light. A displacement smaller than
the quantum noise can be measured.

The potential applications of spatial squeezing and
spatial entanglement will be discussed.
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Figure 1: Spatial homodyne measurement with and
without squeezing. The local oscillator has a TEM01

mode. The phase of the local oscillator is scanned, the
measurement cycles from displacement ( minimum) to
tilt measurement (maximum). The classical measure-
ment, without squeezing, are given by the quantum
noise trace (i), the displacement dCL and tilt tCL.
The measurements with squeezing, trace (ii) for the
quantum noise, dSQZ and tSQZ , show the improve-
ment. We can measure a displacement below the
QNL.
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Ghost imaging experiments with classical thermal light
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Ghost imaging can perform coherent imaging by us-
ing spatially incoherent light. It relies on two spatially
correlated beams, one of them illuminating an object,
while the other passes a reference optical setup. Infor-
mation about the object is obtained by correlating the
spatial distributions of the two beams. Traditionally
low gain parametric down-conversion (PDC) is the
source of the correlated beams: the object informa-
tion is extracted from coincidence measurements be-
tween signal and idler. Since this configuration relies
on entanglement to achieve the necessary correlation
[1](a), it was believed that entanglement is a crucial
ingredient in ghost imaging. We showed [1](b) that
ghost imaging works also for high-gain PDC where
the signal-idler correlation of the intensity fluctuations
contains the information, and erroneously concluded
that entanglement was crucial if simultaneous high-
resolution information was to be obtained both for the
image (near field) and diffraction pattern (far field).

We later [2] investigated theoretically a spatially
incoherent thermal speckle beam divided on a beam
splitter (BS) as to give two beams that we used in a
ghost imaging setup, see Fig. 1(a). While each out-
put beam on its own is incoherent, between them they
have a high mutual spatial correlation. This correla-
tion, while classical and therefore never perfect, suf-
fices to do ghost imaging. More importantly, the cor-
relation being preserved on propagation it exists both
in the near and the far zone, and therefore good res-
olution images and diffraction patterns are obtained
using the same source. We will show experimental
results using this classical ghost imaging protocol [3]
(Fig. 1). A spatially incoherent speckle beam is cre-
ated by shining a cw laser on a rotating ground glass
followed by a turbid solution. A pinhole D selects
a (large) portion of the speckle beam, which is then
split on the BS. The two output twin speckle beams
are then sent into the 2 arms. In Fig. 1 the spatial
correlation between the arms shows the image (b) and
diffraction pattern (c) for the double slit in arm 1. We
discuss the implications of the finite visibility of the
information, and show that high quality images and
diffraction patterns can be reconstructed nonetheless.
We also show that the near-field and far-field reso-

Figure 1: (a) Experimental setup. The correlation
after averaging gives (b) the image (lens F ′ present),
and (c) the diffraction pattern (lens F ′ absent).

lutions may be controlled independently: While the
former depends on the source waist, the latter can be
controlled by the pinhole size before the BS. Thus, no
limit exists to the product of the imaging resolution
in position (near field) and momentum (far field).
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The spectral profile of entangled photon pairs is
mediated by the geometry of non-collinear sponta-
neous parametric down conversion and by selecting
spatial profiles of pump laser radiation. Optical coher-
ent tomography with submicrometer axial resolution
is achieved by use of a non-collinear optical parametric
down conversion.

Optical coherence tomography (OCT) is a widely
used non-invasive imaging technique for in-vivo high-
resolution axial imaging [1]. The axial resolution is
governed by the coherence length of the source; it is
inversely proportional to its spectral bandwidth.

Commercially available superluminescent diodes
(SLDs) are often used as sources for OCT imaging
[2]. Though these sources are relatively inexpensive
and easy to use, their limited bandwidths provide
axial resolutions of about 10-15 µ, which is inade-
quate for imaging at the cellular level. Femtosecond
solid-state lasers offer a possibility for ultrahigh res-
olution imaging [3]; resolutions of about 1 mµ have
been demonstrated using femtosecond lasers combined
with photonic-crystal fibers [4]. In general, highly ir-
regular spectral profiles can be problematic for OCT
systems; spectral shapers to smooth the envelope are
often used. Moreover, these filters are designed for a
particular operating wavelength.

We propose an alternative type of broadband light
source for OCT imaging: noncollinear spontaneous
parametric down-conversion (SPDC). This source is
not difficult to implement and offers the possibility
of greatly enhanced bandwidths. In principle, such
sources can be made to operate at many different cen-
tral frequencies that may be of interest.

It has recently been demonstrated theoretically that
there is a close connection between the spatial distri-

bution of the input laser pump light and the spectral
properties of the down-converted light in noncollinear
SPDC geometries [5]. In particular, an appropriate
selection of the noncollinear angle, together with the
use of a tightly focused pump beam, makes possible
the generation of down-converted photons with clean
broadband spectral shapes. Noncollinear geometries
have been shown to be a source of broadband infrared
generation.

We experimentally demonstrate submicron axial
resolution by using this low-power down-converted
light as a broadband source for OCT imaging. The
results we obtain agree with theoretical predictions.
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Figure 1: Schematic of the Heralded Photon Source
box (HPS).

Several solutions to approximate Single Photon
Sources have been demonstrated. Because of their
practical drawbacks these sources are however unsuit-
able for practical long distance applications using ex-
isting optical telecommunication networks. We have
demonstrated a guided wave heralded photon source
based on parametric down-conversion in a nonlinear
Periodically Poled Lithium Niobate (PPLN) waveg-
uide. We have previously shown such a structure to
be the most efficient source of down-converted photon
pairs realized to date [1]. A pump laser at 710 nm is
injected into the PPLN waveguide (here with a pol-
ing step of 13.6 µm) to produce non degenerate signal
and idler pairs of photons at 1310 and 1550nm re-
spectively. The output of our PPLN waveguide is not
attached but butt-coupled to the telecom collection
fiber and after filtering out the remaining pump pho-
tons, the pairs are separated by a standard fiber optic
wavelength demultiplexer (see Figure 1). Signal pho-
tons are detected using a Germanium avalanche pho-
todiode, and the ensuing electrical pulses are used as a
“heralds” for the arrival of the delayed idler photons.

To prove the heralded-SPS behavior of our configu-
ration, we carry out coincidence measurements using
a classical fibered Hanbury-Brown & Twiss setup and
we show in table 1 the results for P1, and g(2)(0) at

Table 1: P1 is the conditional probability to find one
photon in a 3 ns time-window while g(2)(0) is the sec-
ond order autocorrelation function ≈ 2P2/P 2

1

HPS [2] HPS (Si-APD) Faint laser
P1 0,37 0,45 0,1

g(2)(0) 0,08 0,005 1

the output of the HPS box using a time-window of
3 ns.

Our source exhibits a probability of emitting a sin-
gle photon (P1) close to 37%, whereas the multi-
photon emission probability in our 3 ns time-window is
reduced by a factor 10 compared to poissonian sources.
Experimental work is underway to use a PPLN waveg-
uide to create photons pairs at 810 nm/1550 nm in or-
der to take advantage of silicon APD technology. Re-
lying on guided wave technologies such as integrated
optics and single mode optical fibers components, our
source offers stability, compactness, and can be con-
sidered to be an elementary “guided wave device” for
long distance quantum communication experiments
using existing telecommunication networks.
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We present a new realization of the textbook experiment consisting in single-photon interferences [1].
The clock-triggered single-photon source at the heart of the experiment, previously developed for
quantum key distribution [2], is based on the pulsed, optically excited photoluminescence of a single
N-V colour centre in a diamond nanocrystal [3]. This sytem, which consists in a substitionnal nitrogen
atom (N) associated to a vacancy (V) in an adjacent lattice site of the diamond crystalline matrix, has
an unsurpassed efficiency and photostability at room temperature [4].
Interferences are created by wavefront-splitting in a Fresnel’s biprism. We register the “single-photon
clicks” in the interference plane using an intensified CCD camera. The image detector provides a real-
time movie of the build-up of the single-photon fringes (see figures a, b and c). We perform a second
experiment with two detectors sensitive to photons that follow either one or the other interference
path. Evidence for single photon behaviour is then be obtained from the absence of coincidence
between detections in these two paths [1]. Our experimental setup operating in the single photon
regime can also illustrate in a straightforward way the complementarity between observation of the
interference pattern and record of “which-path” information. It may therefore help to solve some
current confused debates [5].
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Figure : Experimental setup and observations. APDs are avalanche silicon photodiodes operating in photon
counting regime. An intensified CCD camera (dash line) records interference fringes in the overlapping region of

the two deviated wavefronts by the Fresnel’s biprism (FB). a, b, c, Interference patterns recorded after
respectively 20 s, 200 s and 2000 s exposure durations. d, Resulting interference fringes obtained by binning

columns of CCD image #(c) and fit of this interference pattern using coherent beam propagation in the Fresnel
diffraction regime. The very good agreement is an illustration of the fact that interferences, diffraction and

propagation can be computed with the classical theory of light even in the single photon regime.
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Optical parametric amplification (OPA) has the ad-
vantages of having large frequency and spatial band-
widths, instantaneous response time and high gains in
the pulsed regime. Besides, OPAs are also known to
present striking quantum properties. Classical ampli-
fiers add noise in the amplification process: the sig-
nal to noise ratio degrades through the amplification
process. In adequate conditions, optical parametric
amplification depends on the relative phase between
the pump and the injected field (phase sensitive am-
plification) and amplification or deamplification of the
input signal can be obtained. A phase sensitive OPA
can perform a noiseless amplification with no degra-
dation of the signal to noise ratio. It has already been
experimentally demonstrated as well with single mode
injected beams, as with injected images in the pulsed
regime with no cavity. In the low power regime, an
Optical Parametric Oscillator (OPO) pumped below
threshold, constitutes, because of its cavity, an OPA
with significant gain. Unfortunately usual single mode
cavities limit not only the spectral but also the spatial
bandwidth of amplification and therefore amplifica-
tion of images is not achievable. Only OPAs operating
with multimode cavities can allow the amplification of
images in the c.w. regime.

In the experiment presented here, we realized a
transverse multimode OPO pumped either below or
above threshold in order to observe spatial quan-
tum properties. In the continuous variable regime,
transverse quantum effects (spatial correlations, spa-
tial squeezing or noiseless amplification of images), are
predicted be observable in such OPO/OPA. The key
point in this experiment is the use of transverse de-
generate cavities, having a non negligible spatial band-
width, and allowing the resonance of many transverse
modes. In an usual single mode cavity, just a sin-
gle TEMpq modes family (defined from its TEM00)
can be resonant and transmitted. Such a cavity be-
haves as a spatial filter. On the opposite, for trans-
verse degenerate cavities many TEMpq families can
be eigenmodes of the cavity. Therefore, for appro-
priate lengths, the cavity can transmit a superposi-
tion of many transverse modes (also called image).

Thus transverse degenerate OPAs offer the opportu-
nity to achieve amplification of images. In a first
step, many transverse degenerate cavities have been
theoretically and experimentally investigated. For in-
stance, a confocal cavity can transmit just two kinds
of modes: either odd or even modes whatever their
shape are. Semi-confocal ones transmit images with
a more complex symmetry. A self-imaging cavity has
the striking property to transmit any kind of image.
The experiment gave experimental demonstration of
such unique transmission properties [1]. In a second
step, the experiment has focussed more in the evidence
of quantum effects. We have first experimentally re-
ported that c.w. transverse degenerate OPOs oper-
ating above threshold are generators of non classical
multimode c.w. light [2]. Pumped below threshold,
a transverse degenerate OPO is a good candidate for
noiseless amplification of images and for the observa-
tion of both time and space quantum correlations be-
tween the amplified signal and the corresponding idler.
We have performed in the c.w. regime amplification
of a weak injected image in a semi-confocal OPA with
gain up to 23 dB. We have also observed phase sen-
sitive amplification or deamplification of an injected
image. We have measured quantum correlations be-
tween the amplified signal and idler. Measurement of
the signal to noise ratio is under progress.
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Noiseless image amplification. 
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The quantum properties of temporal fluctuations of the light issued from a parametric 

amplifier are now well known, from both an experimental and theoretical point of view. On 
the other hand spatial fluctuations were studied only theoretically1 until very recent results2,3. 
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 a pump pulse (T=0.9 ps @263.75 nm) in a type I 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, while PSA 
corresponds to a completely 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 after detection, defined as the ratio of the SNR without and with 
amplification, are found to be in good agreement, for both PSA and PIA interactions, with the 
values calculated from equations that integrate the pixel size as well the effective QE of the 
detection system and the amplification gain[4]. For a sufficient pixel size, the postdetection 
PSA noise figure tends to the effective QE, meaning that image amplification introduces 
redundancies that overcome the degradation due to detection. On the other hand, the low NF 
for a small pixel size is an artefact because both signal and noise are low-pass filtered in 
spatial frequencies by the amplifier. 
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Optimal Use of Multipartite Entanglement
for Continuous Variable Teleportation

Topics: Entanglement; Quantum Communication.

Abstract: In this work we discuss how continuous variable teleportation
takes advantage of the quadrature entanglement in different ways, depending
on the preparation of the entangled state. For a given amount of the entan-
glement resource, we describe the best production scheme for a two-mode
squeezed Gaussian state, which enables quantum teleportation with optimal
fidelity. We extend this study to multiparty entangled Gaussian states and
define an operative measure of multipartite entanglement related to the op-
timal fidelity in a quantum teleportation network experiment. This optimal
fidelity is shown to be equivalent to the entanglement of formation for the
standard two-user protocol, and to the multipartite localizable entanglement
for the multiuser protocol.
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Quantum information processing schemes are nor-
mally dependent on the existence of entangled states
as well as on their robustness, for instance, during
quantum manipulation of information [1, 2, 3]. One of
the main technological barriers to overcome is the con-
trol of the effect of decoherence on the system, which
is normally responsible for the destruction of quan-
tum correlations. Regarding this particular point, the
thermal field, which is a chaotic state, can help us to
understand decoherence mechanisms, simulating the
interaction of the environment (thermal noise) with
quantum bits (atoms interacting in a cavity, for ex-
ample). Due to the decoherence effects, there is great
difficulty in generating and keeping the integrity of
a pure state, and it would be interesting to extend
our investigations on entanglement and decoherence
to the case of mixed states as well. Bearing this in
mind we would like to analyse the entanglement for
initial mixed states in a model of two dipole interact-
ing atoms in a single mode cavity. The Hamiltonian
that represents this system of two atoms resonant with
the cavity field may be written in the rotating wave
approximation and in the interaction picture as

HI = h̄γ
∑

i=1,2

(

a
†
σ

−
i + aσ

+

i

)

+ h̄Ω
(

σ
+

1 σ
−
2 + σ

−
1 σ

+

2

)

,

where the second term represents the dipole interac-
tion, γ is the atom-field coupling constant and Ω is the
coupling constant of the dipole interaction between
the atoms, a

† and a are the creation and annihilation
operators of photons and σ

+

i = |e〉i〈g|, σi = |g〉i〈e|
(i = 1, 2) are the atomic transition operators. We
obtained the exact time evolution operator UI(t) for
this system, using the above Hamiltonian and Taylor
expansions of sine and cosine functions in the atomic
basis {|ee〉, |ge〉, |eg〉, |gg〉}. We analyse the degree of
atom-field entanglement via the negativity (ε) of these
subsystems, ε = −2

∑

i µ−
i , where µ−

i are the negative
eigenvalues of the partial transpose density matrix. If
ε = 0 the system is separable and when ε = 1 the sys-
tem is maximally entangled [1]. The numerical results
of the (atom-atom initially in |eg〉) negativity for an

initial thermal field in a cavity are presented in Fig. 1.
Here we are considering the thermal field because we
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Figure 1: Atom-field negativity (vertical axis) ver-
sus the interaction time (horizontal axis) for an initial
atomic state |eg〉. The enhancement of entanglement
occurs when the dipole interaction is on (right figure;
Ω = γ), compared to the non-interaction case (left
figure; Ω = 0).

are interested in the quantum bits interaction (atoms
interacting) in the presence of thermal noise [1, 3]. As
a preliminary result, we have verified that the dipole
interaction enhances the entanglement degree quan-
tified by the negativity. We have also noted a high
sensitivity to the initial preparation of the atoms.
Acknowledgements: This work is partially sup-
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At present the properties of three level quantum
optical and atomic systems (qutrits) evoke a great in-
terest for modern problems of quantum information
and communication. It is known different possibilities
to create and measure the qutrit states in quantum
optics. In particular we note the measurement proce-
dure of second-order correlation functions for bipho-
ton states and quantum state tomography technique
as well. In previous paper [1] we considered the possi-
bility of formation of polarization states of light with
non-classical characteristics and select an appropriate
procedure for simultaneous measurement of the all po-
larization Stokes parameters of light for complete de-
termination of the SU(2) phase parameters that are
determined by Poincare sphere.

In this paper we develop a new approach in the
frames of SU(3)-symmetry polarization formalism in
Hilbert space for a quantum Bose-system with internal
Gell-Mann symmetry [2]. The four parameters θ, φ,
ψ1,2 determine both the amplitude and phase charac-
teristics of three level system in the case. In quantum
domain we introduce new amplitude and phase oper-
ators that describe the quantum measurement proce-
dure and the behavior of fluctuations for named pa-
rameters. At the same time a complete determina-
tion of quantum properties of three level system is
carried out by us using the nine Gell-Mann operators
λj (j = 0, 1, ..., 8) as well. We propose for the first
time the original twelve-port interferometer for simul-
taneous measurement of both the Gell-Mann param-
eters from different sub-groups and the phase char-
acteristics of a three mode optical field - see Figure.
The quantum error of the measurement determined
by vacuum fluctuations has a principal meaning and
can not be avoided due to quantum nature of optical
field. The signal-to-noise ratio coefficients for coher-
ent, entangled and squeezed states of light are exam-
ined. The maximal magnitude F = 2 can be achieved
for entangled W-class qutrit states at the input of in-
terferometer. In classical limit for one of the modes we
have shown the possibility of homodyne measurement
of quantum correlations between isospin (Stokes) pa-

Figure 1: The SU(3)-interferometer for simultaneous
measurement of the phase dependent Gell-Mann pa-
rameters and of the phases ψ2 − ψ1, ψ1, ψ2 (input
modes are denoted as aj , j = 1, 2, 3). The modes
Vj at the input ports are in vacuum states; BS’s are
the 50%:50% beam splitters, φj are the phase shifters.

rameters and Hermitian quadratures for two-mode op-
tical fields. The problem of determination of degree
of polarization for optical field with SU(3) symmetry
is analyzed as well. We also discuss a application of
obtained results for the problems of quantum infor-
mation and quantum tomography. The SU(3) sym-
metry approach developed by us can be applied to
the problems of near field and polarization diffraction
microscopy where the longitudinal component of the
light polarization is appear.
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In  this  paper  we describe  quantum control  of  temporal
correlations of entangled photons produced in  collinear
type  II  spontaneous  parametric  down-conversion.  In
contrast to previous work [1], we describe spectral phase
manipulation of the signal or idler photons produced by a
type  II  nonlinear  crystal  in  free  space.  In  two-photon
absorption (TPA) studies, two photons whose sum energy
equals that of an atomic transition must arrive at the atom
almost  simultaneously  for  enhanced  absorption  rates.
Hence, schemes which can be used to control the number
of  photons  arriving  with  given  time  delays  will  be
important  in  two-photon  absorption  experiments  and
applications  [1].  We  describe  an  experiment  used  to
investigate the time-of-arrival of photons in type-II down-
conversion in which  o- and  e-polarized  photons (signal
and  idler  respectively)  are  mixed  at  a  beam  splitter
oriented at 45 [2]. Coincidence counts are measured for
photons  with  zero  optical  delay  as  a  function  of  the
modulation depth applied with a spectral-phase filter to
either the signal or idler beam. We consider a symmetric
periodic  phase  distribution  of  the  form

)cos()( kk   ,  where   (  )  is  the  modulation
depth (frequency) and  k  is the photon frequency. The
coincidence  count  rate  is  calculated  analytically  as  a
function of    and it is found that the rate of arrival of
photon pairs with given optical delays can be controlled
by varying the modulation depth. When 0 , we obtain
the well-known V-shaped correlation function typical of
type-II down-conversion  studies [2] with its minimum at
zero  optical  delay.  For  700  nm  degenerate  photons
produced from a 0.56 mm BBO crystal and for 50 fs
we obtain the following variation of the pair count rate
against the modulation depth,  :
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Our results indicate that it is possible to control the arrival
rate of photon pairs with a fixed time delay using this
method. It can therefore be used to find the optimum
conditions for obtaining the maximum number of photon
pairs that will arrive simultaneously at an atom thereby
increasing absorption rates. Applications in the area of
two-photon absorption and virtual state spectroscopy will
be presented.
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 Abstract:-  
 
The nonlinear extension of the single-mode squeezed vacuum and squeezed 
coherent states are studied.  We have constructed the nonlinear squeezed 
states (NLSS's) realization of  SU(1,1) Lie algebra. Two cases of this 
realization are considered for unitary and non-unitary deformation operator 
function. The nonlinear squeezed coherent states (NLSCS's) defined and 
special cases of these states are obtained.  Some nonclassical properties of 
these states are discussed. The s-parameterized characteristic function and 
various moments are calculated. The   Glauber second-order coherence 
function is calculated.  The squeezing properties of the NLSCS's are studied.  
Analytical and numerical results for the quadrature component distributions 
for the NLSCS's are presented.    
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Creating entangled and correlated beams are useful
for application, such as entangled imaging and ghost
imaging. It is well known, that during propagation in
a bistable system, a certain amount of squeezing and
correlation between an input and output can be built
up [1]. In addition, in such a systems transverse spa-
tial solitons can be obtained, sometimes having non-
trivial quantum properties [2, 3].

In the present work, we consider a system with two
input channels and two output channels. The system
consists of two nonlinear (with resonant nonlinearity)
thin films, irradiated from both sides by the nearly
monchromatic light (Fig. 1). It is known [4], that
by variation of the distance between the layers one
can obtain different types of steady-state characteris-
tics of the system. When the distance between the
layers is proportional to the integer number of wave-
lengthes of the field, the steady state is symmetrical
(E(+) = E(−)), and demonstrates usual bistability.
On the other hand, when the distance is proportional
to half of wavelength, the symmetry breaking phe-
nomena occurs (E(+) 6= E(−) for equal input fields).
This symmetry breaking phenomena is slightly similar
to the one obtained in polarization components of the
field [5], but occurs in different output channels of the
system, instead.

To investigate the correlation and squeezing prop-
erties of the field we consider the propagation of quan-
tum fluctuations in a linearized approximation [2, 3].

We show, that spatial correlations in the system also
strongly depend on the distance between films. In
the bistability regime, the correlations between two
output signals are built up. On the other hand, in
the symmetry breaking regime the anticorrelation be-
tween two output beams is achievable.

In addition, in such a system it is possible to obtain
’vectorial’ solitons, i. e. solitons having two compo-
nents. It can be demonstrated, that under the sym-
metrical pumping the solitons also can be asymmetri-
cal [4].

When considering the local squeezing properties of
spatial solitons (the squeezing in a single transverse
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Figure 1: Two thin nonlinear layers separated by lin-
ear medium are illuminated by the light fields with
equal amplitudes from the both sides (E(+)

0 = E
(−)
0 ).

The distance between the films d is supposed to be
much larger than thickness of each film.

point in the center of a soliton), both symmetrical and
unsymmetrical, we found that it is not proportional
to the distance between the layers, but rather have
the maximal values below shot-noise limit at the some
distance. This result is in a strong resemblance to the
recent results of [3].
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Knowing the state of a system is of crucial impor-
tance in quantum information. Measurements provide
only partial knowledge of the state, which can only
be reasonably reconstructed if a (large) number, N ,
of identically prepared copies is available. Here, we
address the issue of estimating one of the most ele-
mentary systems: a qubit in a mixed state. This work
is divided in two parts.

In the first part, we analyse the optimal estima-
tion protocol, based on collective measurements in two
scenarios: completely general states (3D), and states
known to lie on the equatorial plane of the Bloch
sphere (2D). We will derive the optimal POVMs for
fixed number of copies and obtain the analytical ex-
pressions of the fidelities in the large N regime. The
fidelity is shown to approach unity linearly in 1/N ,

Fcol = 1 −

ξcol

N
,

where ξcol is a positive constant. In 3D, we will show
that the optimal POVM’s are independent of the prior
distributions, provided they are isotropic. In 2D this
is only true asymptotically. However, for the latter,
the fidelity is

Fcol = 1 −

1

2N
,

independently of the prior.
In the second part, we consider less theoretical a

more practical protocols: estimation based on indi-
vidual von Neumann measurements. These are far
more interesting for the experimental point of view
as they can be more easily implemented in a labora-
tory. We use as a prior the Bures distribution and,
for simplicity, we will mainly focus on 2D states and
consider fixed measurements. We will show that for a
large sequence of measurements and for the best data
processing possible, the average fidelity goes as

Floc = 1 −

ξloc

N3/4
,

where ξloc is again a positive constant. This is a very
surprising result that contrast with both, estimation
of pure states and estimation of mixed states with
collective measurements, where the fidelity tends to 1
as 1/N .

We will finally discuss some open questions such
as the impact of classical communication or the role
played by the prior distribution.
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Although the linearity of quantum mechanics for-
bids exact copying of unknown quantum states it is
still possible to construct various optimal approxi-
mate cloning machines. We present both the theory
and experiments concerning the optimal symmetric
and asymmetric 1 → 2 phase-covariant probabilistic
cloning machines for qubit states with a fixed latitude
on the Poincaré sphere (i.e., with a fixed z-component
of the spin). Such cloners exhibit slightly better
cloning fidelity than the universal cloning machines.
Besides being of fundamental interest, the optimal
cloning of equatorial qubits also represents an efficient
eavesdropping attack on the BB84 quantum key dis-
tribution protocol. In our experiments the qubits are
encoded into polarization states of photons generated
by spontaneous parametric down-conversion. The ap-
paratus is based on the fourth-order interference on
an unbalanced beamsplitter with different splitting ra-
tios for vertical a horizontal polarization components.
This beaamsplitter is realized as a Mach-Zehnder in-
terferometer with Soleil-Babinet compensators that
serve for the adjustment of proper phase differences
for vertical and horizontal linear-polarization compo-
nents independently.
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Quantum communication with continuous variables
(CV) is an alternative to quantum communication
based on individual photons. In the CV quantum
key distribution protocols with the coherent states,
a sender simultaneously performs the random ampli-
tude and phase Gaussian modulation of coherent state
which is then transmitted through quantum channel
and these modulations are measured by a receiver.
Since coherent states are nonorthogonal states, any
attempt of an eavesdropper to distinguish them is ac-
companied by increasing of noise in the communica-
tion. This noise can be detected and the sender and
receiver can decide whether their communication was
sufficiently secure. For efficient key distribution, an
elimination of losses and other imperfections in the
quantum channel is necessary. Previously, a reduction
of losses in the coherent-state quantum key distribu-
tion was discussed. As a result the schemes beating
3dB losses were proposed and experimentally imple-
mented [1]. Recently, a new protocol for quantum key
distribution using simultaneous measurement of the
incompatible quadratures was demonstrated [2]. It
shows that protocol provides significantly higher se-
cret key rates with increased bandwidths. A straight-
forward way how to enhance capacity of communica-
tion channel is to use a large number of the modes
in which the keys are independently transmitted. In
both classical fiber-optics and free-space communica-
tions there are several methods of how to implement
such a multi-mode channel, typically using time or
frequency modes of light. This is the basis of time-
division multiplexing and wavelength-division multi-
plexing.

However, depending on particular physical imple-
mentation of the multi-mode channel, there are many
linear and non-linear phenomena which induce uncon-
trollable passive or active coupling between the modes.
As a consequence of the coupling the capacity and
the secret key rate are strongly reduced. A mode
coupling in the channel adversely mixes transmitted
keys between the particular modes and for a certain
mode the others modes act as a noisy environment.

To faithfully transmit a large amount of key through
a multi-mode quantum communication channel, these
detrimental effects of the mode coupling have to be
effectively eliminated. Knowing explicitly the mode
coupling in the channel it can be reduced physically
implementing inverse transformation at the channel
output. But it is really hard to achieve a perfect in-
terference of few modes in the inverse operation and
as the number of the modes increases it is practically
impossible.

We present new feasible method of mode decoupling
in the multi-mode channel for quantum CV key dis-
tribution protocol with simultaneous measurements
[2]. Both the coherent-state and entangled-state CV
cryptographic protocols are analyzed. We prove that
any passive mode coupling in the channel can be to-
tally eliminated using only appropriate data manipu-
lation obtained from the detections of both comple-
mentary quadratures of every channel mode. More
generally, any coupling between modes in the channel
can be eliminated if the states of ancillary modes used
in the simultaneous measurements are appropriately
prepared. Thus the perfect multi-mode communica-
tion can be in principle revealed only by local state
preparation, measurement and data manipulation at
receiver’s station. No interference between modes is
required to implement the decoupling procedure. The
proposed method is general and it can be used ir-
respective to a particular physical implementation of
multi-mode channel [3].
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During recent years it has been widely recognized
that non-classical states of light represent a valuable
resource for numerous applications ranging from ultra-
high precision measurements to quantum lithography
and quantum information processing. In this context,
considerable attention has been devoted to the prepa-
ration of arbitrary single-mode states of traveling light
beams. Experimental generation of arbitrary superpo-
sitions of vacuum and single photon states has been
accomplished using several techniques such as para-
metric down-conversion with signal beam in coherent
state [1] or conditioning on homodyne measurements
on one part of a non-local single photon [2]. It is,
however, very difficult to extend these experiments
to more complicated superposition states because the
schemes require single-photon sources and/or highly
efficient detectors with single photon resolution which
represents a formidable experimental challenge.

Here, we propose a novel state preparation scheme
which does not require single-photon sources and can
operate with high fidelity even with low-efficiency de-
tectors that only distinguish the presence or absence
of photons in the mode. The suggested setup is de-
picted in Fig. 1 and consists of a source of squeezed
states, beam splitters, strong coherent beams, and
single-photon detectors. The scheme can generate an
arbitrary squeezed superposition of the first N+1 Fock
states. The squeezed vacuum is generated in an op-
tical parametric amplifier (OPA) and passes through
a sequence of unbalanced beam splitters BSD and BS
which realize a sequence of N + 1 displacements in-
terspersed with N conditional photon subtractions.
The displacement is accomplished by mixing the beam
with an auxiliary coherent state |α/rD〉 on a highly un-
balanced beam splitter with amplitude reflectance rD.
A single photon is removed from the beam by send-
ing a tiny portion of the beam on a photodetector PD
using an unbalanced beam splitter BS. The photon
is removed if the photodetector clicks and successful
state preparation is heralded by clicks of all N pho-
todetectors PDk. A crucial feature of our proposal is

α|     /r  >D1 α|     /r  >D2 |0> αN+1 D|0>

BS BS BS

.....

.....
BSBSDD

OPA

PD1 PD N

A

A in
D

out

|        /r  >

Figure 1: Proposed experimental setup.

that using highly unbalanced BS with transmittance
close to unity, the single-photon subtraction can be
performed with very high fidelity even if the detector
efficiency is very low because the most probable event
leading to a click of PD is that exactly a single photon
was removed from the beam.

Because our proposal does not require single-photon
sources and can operate with low-efficiency photode-
tectors, the required resources are much less demand-
ing than for previous proposals. The recent exper-
imental demonstration of the single-photon subtrac-
tion from a single-mode squeezed vacuum [3] provides
a strong evidence for the practical feasibility of our
scheme.
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Applications of squeezed states carried by a con-
tinuous wave laser beam can be found in advanced
laser interferometry [1] and in quantum information
protocols, for example see [2]. General demands on
the nonclassical states are high degrees of squeezing,
control of mixedness as well as control of the orienta-
tion of the squeezing ellipse. The latter one requires
a phase reference that can be given by phase modula-
tion sidebands outside the squeezing spectrum.
We present the experimental characterization of
squeezed, continuous wave laser beams at 1064 nm.
The squeezed beams were generated in optical para-
metric amplifiers (OPAs) which were constructed from
type I phase matched MgO:LiNbO3 crystals inside
hemilithic (half-monolithic) resonators. Phase modu-
lation sidebands on the carrier light are used to control
the OPA length. They also provide the phase reference
for downstream applications of the squeezed light.
Since optical loss sets an ultimate limit on the degree
of squeezing achievable, we carefully characterized the
loss in our OPA resonators and measured the squeez-
ing in the kHz and MHz sideband spectrum. Within
these investigations two different MgO:LiNbO3 crys-
tals were employed and compared. They differed in
their MgO contents of 5% and 7%, respectively and in
the quality of their dielectric coatings. In the kHz side-
band spectrum and below, squeezing is often buried
by classical laser noise. We show how squeezing is re-
gained without destroying the phase reference. Gener-
ically an OPA can produce quadrature squeezing of
an arbitrary but frequency dependent angle. We ma-
nipulated the orientation of the squeezing ellipse and
produced a frequency dependent orientation of the
squeezing ellipse. The states were characterized by
means of quantum state tomography, Fig. 1.
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12.0 MHz 13.0 MHz 13.8 MHz
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18.0 MHz17.0 MHz16.2 MHz

Figure 1: Contour plots of the squeezing ellipse at
various sideband frequencies around 15 MHz, mea-
sured on the same continuous wave laser beam. At
12 MHz the squeezed quadrature was slightly off the
vertical direction (amplitude quadrature); at higher
frequencies the squeezing slowly rotates into the phase
quadrature at 15 MHz (not shown). For sideband fre-
quencies far above 15 MHz the squeezing will be mea-
sured again in amplitude quadrature. For each tomo-
graphic measurement the laser beam was phase locked
to a reference beam and the quadrature angle stably
controlled and stepwise rotated. The phase reference
was given by a phase modulation at 19.8 MHz.
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In quantum optical physics the environment is
normally modelled as a bath or reservoir consisting
of a large (or infinite) number of harmonic oscillator
(HOs) linearly coupled to the system and this in-
teraction is responsible for energy dissipation of the
system. Spontaneously emitted radiation from the
single mode HO has been investigated extensively
for a variety of quantum states of the environmental
reservoir. The rotating wave approximation (RWA)
is a corner stone of the quantum optics and plays a
significant role in the laser theory, cavity quantum
electrodynamics and many other areas. The RWA
amounts to the dropping of the counter rotating
terms in the interaction Hamiltonian and useful in
explaining many useful quantum optical results. For
the HO system within RWA, both the thermal and
the squeezed vacuum reservoir lead to the same
results.

In this work we investigate the behavior of HO
system interacting with a broadband squeezed reser-
voir outside RWA. We study the dynamical evolution
of the HO system in terms of its mean photon
number, photon statistics in terms of the second
order intensity-intensity correlation function g(2)(τ),
and steady-state fluorescent spectrum by calculating
the time average of mean number of photon in the
reservoir mode.

The Hamiltonian describing the interaction of
harmonic oscillator and reservoir system without the
RWA reads as [1]

Ĥ = h̄ωaâ†â +
∑

j

h̄ωj b̂
†
j b̂j +

∑

j

(κj b̂j + κ∗j b̂
†
j)(â + â†),

(1)
where â and â† are the HO boson annihilation and
creation operators obeying the commutation rela-
tionship [a, a†] = 1; b̂j and b̂†j are the corresponding
boson operators for the jth mode of the radiation
field or reservoir having frequency ωj and obeying

the commutation relationship [b̂j , b̂
†
k] = δjk; ωa is the

frequency of HO system. All â operators commutes
with the b̂ operators all the time.

The mean photon number na of the HO decays
at the rate 2γ (the radiative damping rate) to its
thermal equilibrium value, which equals to the
average photon number of the reservoir. Hence,
within the RWA, both thermal and squeezed vacuum
reservoir lead to the same result. However, na outside
the RWA shows additional transient oscillations at
2ωa in the squeezed vacuum reservoir case. The
thermal bath without RWA also shows oscillatory
evolution but with lesser amplitude.

Without RWA, the time evolution of g(2)(τ) shows
oscillatory behavior which becomes totally absent
with RWA condition. The thermal bath always
decays from its initial value of 2 to the equilibrium
value 1, where the field becomes uncorrelated. On
the other hand in the case of squeezed bath without
RWA and with RWA, g(2)(τ) starts with antibunching
behavior and goes to equilibrium value 1 where the
field gets uncorrelated.

In order to study the spectral properties of HO
system in squeezed bath, we studied the emission
spectrum of this system and calculated the average
number of photons in mode j of the reservoir. The
expression reveals in addition to the single Lorentzian
centered at ωj = ωa within RWA, the extra structure
in the spectrum outside RWA is the further two
Lorentzian of the same width centered at ωj = −ωa,
3ωa. There are also dispersive structures within
O(γ/ωa).
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We quantitatively study complementarity in a com-

posite, bipartite quantum system of arbitrary dimen-
sions n ⊗ m. In order to achieve this we, first, de-
fine proper generalizations of the visibility V and pre-
dictability P in n-dimensional systems with the help
of the generators of SU(n). These properties, taken
together, form the single-partite characteristics Sk of
the subsystems k = A, B

S2
k = P2

k + V2
k = 2

�

Tr(ρ2
k) − 1

�

≤
2(nk − 1)

nk

. (1)

Here, ρk ≡ Trk(ρAB), k = A, B, defines the reduced
density matrix and nk is the dimensionality of the sub-
system k. Obviously, the single-partite property S2

k

can be related to the squared length of the Blochvec-
tor which, in turn, corresponds with the purity of the
subsystem k. Consequently, it establishes a measure
of information content.

In composite quantum systems, however, besides
the single-partite properties, a genuine bipartite quan-
tum property emerges in form of entanglement. En-
tanglement mutually excludes the single-partite char-
acteristics of the subsystems [1, 2, 3, 4] and the fol-
lowing quantitative complementarity relation can be
formulated

P
2
k + V

2
k +

[

C
(n)
AB

]2

= S
2
k +

[

C
(n)
AB

]2

≤
2(nk − 1)

nk

. (2)

Here, C
(n)
AB defines a proper n ⊗ m-dimensional gener-

alization of the concurrence in 2 ⊗ 2 systems, which
corresponds with the I-concurrence introduced by
Rungta et al. [5]. The above inequality is saturated if
and only if the composite system AB is represented by
a pure quantum state. Clearly in mixed systems the
amount of single-partite information and concurrence
which in pure systems, when taken together, gener-
ate the total information content, are reduced due to
dephasing or decoherence. This explains qualitatively
the inequality. We can rewrite Eq. (2) equivalently as

P
2
A + V

2
A + P

2
B + V

2
B + 2

[

C
(n)
AB

]2

=

S2
A + S2

B + 2
[

C
(n)
AB

]2

≤
2(nA − 1)

nA

+
2(nB − 1)

nB

, (3)

which explicitly states that the generalized concur-

rence C
(n)
AB mutually excludes the single-partite prop-

erties of the individual systems. Clearly, the upper
bound of (3) is proportional to the total information
content which is inherent in a pure composite quan-
tum system. This information content is the sum of
the maximally possible squared lengths of the Bloch
vectors of systems A and B. This bound is reached
in case of pure composite quantum systems for which
the system is completely determined, i.e. all the infor-
mation is inherent in the system.

As a byproduct we give a simple analytical formula
for the generalized concurrence in bipartite mixed

quantum systems of arbitrary dimensions n⊗m. This
generalized concurrence can be related to the lower
bound of the entanglement of formation and allows to
detect bound entanglement.
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In 1948 R.P. Feynman showed F.J. Dyson how to
prove homogeneous Maxwell equations assuming only
Newton’s law and commutation relations

[xj , xk] = 0, (1)
m[xj , ẋk] = iδjk. (2)

The proof was published with Dyson’s editorial com-
ment in 1990 (two years after Feynman’s death), see
[1]. First it was considered to be a historical feature,
but it raised some new questions soon and inspired
new research directions.

The Feynman proof has inspired M. Paschke in the
study of the relation between noncommutative geom-
etry and quantum physics. A generalization of the
Feynman proof to arbitrary configuration spaces led
him to the attempt on an algebraic definition of quan-
tum mechanics (for one nonrelativistic particle) over
an arbitrary manifold Q, see [2].

In this definition the particular form of canonical
uncertainity relation is not considered, it is only sup-
posed to be a nontrivial function of positions!

In this paper we examine the notion of scalar quan-
tum mechanics (SQM in short). We review the defini-
tion of SQM, demonstrate the construction of a Hamil-
tonian in the model case of the circle (Q = S1) and
then we consider SQM stepwise with one of the axioms
violated, letting the other axiom hold and show that
some essential property of the quantum world fails to
hold.

Finally, we discuss the existence of the Hamiltonian
for multiply connected configuration spaces, more pre-
cisely we show that for such Q that π1(Q) 6= 0 there
need not exist a Hamiltonian.

References

[1] F. J. Dyson, “Feynman’s proof of the Maxwell
equations,” Am. J. Phys. 58, 209–211 (1990).

[2] M. Paschke, Time evolutions in quantum me-
chanics and (Lorentzian) geometry, Preprint,
arXiv:math-ph/0301040.

ICSSUR'05, Besançon, May 2-6, 2005

-190-



 
  

On the effect of the Doppler-Rabi oscillation in micromaser experiments 

 

A.V.Kozlovskii 

 
P.N.Lebedev Physical Institute, Leninskii prospect, 53, 119991 Moscow, Russia 

E-mail: kozlovsk@sci.lebedev.ru 

  

Quantum state reduction experiment in micromaser 

scheme has been analyzed. 

The effects of atoms center-of-mass motion in 

spatially inhomogeneous field (Doppler-Rabi 

oscillations [1-3]) and statistical character of selective 

atomic state measurement have been investigated. 

Principal role of atoms motion have been shown for 

intracavity light state evolution and stationary field 

state. Squeezed state of light (near Fock state) can be 

created from initial coherent state only for special 

conditions. Important effect of the Doppler-Rabi 

oscillations is absence of the jumps between different 

quasi-stationary “trapped states” of intracavity field, 

what present with no account of this effect.   Only 

one steady state of the field with steady-state mean 

photon number significantly differs from any 

“trapped states ” is obtained from our theory.  

In most cases intracavity field Fano-factor F decrease 

relatively slow and depend on average photon  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

number <n> as F ≈ 1/<n>κ, κ∼1.  At some special 

conditions F fall exponentially fast and become 

vanish even for small atoms number, as it proposes 

for quantum nondemolition measurement. 

Intracavity field dynamics dependence on parameter 

ξ = ΩR /ΩD  (ΩR -  Rabi frequency, ΩD - Doppler 

frequency shift) have been considered and analyzed. 

The possibility to prepare intracavity field in vacuum 

state from the initial coherent field state have been 

shown. 

Chaotic (thermal) or super-chaotic (quantum) single 

mode state of the light also can be produced in 

micromaser experiment. 
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 Spin squeezing is usually discussed [1] in the 
context of relations, [Sx , Sy] = iSz and 

22 )()( yx SS ∆∆  ≥ 
2

4
1

zS , and the criterion for 

squeezing of spin components  Sx and Sy  is written  
in the form zSSx 2

12 <)(∆  or 

zSS y 2
12 <)(∆ . This can be generalized by 

considering the operators θsinθcosθ yx SSS += , 

φπ+ /2,θS  and 2//2,θ π+φπ+S , where, φ θ,S ≡ (Sx cosθ + 
Sy sinθ) sinφ + Sz cosφ, for which we get 
commutation relations similar to those for Sx , Sy 
and Sz. We can therefore called θS squeezed if 

φπ+<∆  /2,θ2
12

θ )( SS  and/or 

/2π  /2,θ2
12

θ )( +φπ+<∆ SS . As φ is varied, 

φπ+  /2,θS  and /2π  /2,θ +φπ+S  may take values 

from 0 to [ ] 1/22
+θ

2
+ /2z SS π . Thus the most 

general criterion for squeezing should therefore be 

[ ] 2/12
+θ

2
2
12

θ +<)( /2SSS z π∆ . 
We studied in detail resonant interaction of 

an assembly of two excited two-level atoms with a 

single mode coherent state, αα θie =α , using 

the Hamiltonian [2], H = ω a+a + ω Sz + g(a S+ + a+ 

S-), where the symbols have their usual meanings. 

We find that the squeezing parameter θ S  defined 

by                                
2/12

θ
2

2
12

θαθ ][)()gt ,α ,θ  θ ( /2z SSS π++∆=+≡SS

  has the variation with αθ+θ  shown in figure for 

gt = 0.029, α  = 26.247. This shows simultaneous 

squeezing of all pairs of orthogonal spin 

components, except the two pairs for which one 

component with αθ+θ  = π/2 has largest 

squeezing and the other component is non squeezed 

with θ S  = 1. 

FIG: Variation of Squeezing Factor (from 0 to 1.2 
on Y-axis; each division equal to 0.2) with αθ+θ  

(from 0 to π on X-axis; each division equal to π/2) 
for gt = 0.029, α  = 26.247. 
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Starting in the late 1960’s, Edwin Jaynes and collabora-
tors systematically developed the so-called ‘semiclassical’
alternative to Quantum Electrodynamics. [1] The essence
of the semiclassical approach is the basic hypothetical as-
sumption, that effects described by Quantum Electrody-
namics can be explained simply by accepting quantization
of atoms immersed in classical radiation fields. The princi-
ple motivation for this approach was to find a way to evade
the divergencies that sully the mathematics used for calcu-
lations in Quantum Electrodynamics.

Although Jaynes’ program achieved considerable suc-
cess, ultimately the semiclassical paradigm was deemed
inadequate to cover all of the phenomena considered to
be successfully covered by Quantum Electrodynamics. By
the end of the 1970’s, work on this program ceased, except
for low-budget, hobby-like projects.

A central phenomena under consideration at the time
of the demise of Jaynes’ efforts, was that of “Quantum
Beats.” While the quantum mechanical explanation or
model for experiments exhibiting such beats flows directly
and simply from the formalism, no satisfactory semiclassi-
cal model was proposed at that time. [2, 3]

Nevertheless, it is the point of my presentation to present
just such a semiclassical model with calculations. It will
be shown, that although this model does not fall out of
the formalism mechanically—as it does in Quantum Me-
chanics, that fully physically plausible classical assump-
tions regarding the nature of radiation support a semiclas-
sical understanding of the this phenomenon, and they lead
to transparent, well formulated calculations.

The fundamental input into this semiclassical model
consists in identifying the mechanical or geometrical con-
ditions of the experiments demonstrating ‘quantum beats,’
and showing that these conditions themselves engender the
coherence necessary to prevent the beats from washing out.
It will be argued that these conditions are, in fact, theory
neutral, i.e., they can pertain to classical as well as quan-
tum models.

In conclusion, attention will be drawn to implications
of this model for long-standing disputes on the nature of
quantum mechanical wave functions; in particular whether
they pertain to individual systems (thereby indicating that
Quantum Mechanics is ‘complete,’a láBohr), or to ensem-
bles (thereby supporting Einstein, Podolsky and Rosen).
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The commutation relations between the creation
operator a†k and annihilation operator ak play a fun-
damental role in quantum mechanics. The set of the
commutation relations

[ak, a
†
�]± = δk�, [ak, a�]± = 0 (1)

where [A,B]± = AB ±BA, represents the Fermi and
Bose statistics, respectively. Let the vacuum |0〉 sat-
isfy

ak|0〉 = 0, aka
†
�|0〉 = pδk�|0〉, (2)

where p ∈ C. Then p is given by

p = 1 (for Bose and Fermi statistics).

It is known that Eq. (1) is a sufficient condition for
the equation of motion of a harmonic oscillator:

ak = [ak, H]−, (3)

where the Hamiltonian H is given by 1
2

∑

k[a†k, ak]±
for a boson and fermion, respectively. This implies
that under the condition of Eq. (3), the value of p in
Eq. (2) is not necessarily equal to unity, where the
commutation relation Eq. (1) should be abandoned.
In this case, p is restricted to an integer such that [1]

p = 1, 2, 3, . . . ,

due to the positiveness of the state vector. The par-
ticle for p �= 1 is called a para-boson or para-fermion
(of order p), depending on the upper or lower sign in
the Hamiltonian H, respectively.

Experimentally, the para-particle has not been ob-
served yet, so that some theory should be required
to guarantee the absence of the para-particle. One
theory is based on “cluster inseparability” [2]. Con-
sider, for simplicity, a three-identical-particle system
where one of the particles are far away from the two
remaining particles. In this case, if the three-particle
system obeys the para-statistics of order p = 2, this
would fall into a paradox in the sense that we ob-
serve that the two identical particles obeying either

the Bose or Fermi statistics; it is difficult to recognize
that the mere existence of the remote particle would
violate the p = 1 statistics. Although the assumption
of the cluster inseparability seems reasonable from a
physical point of view, the theory relies on the exper-
imental finding that any two-identical-particle system
obeys the p = 1 statistics.

Another theory deals with a particle interaction.
Under the condition that the interaction Hamiltonian
commutes with itself at space-like region, some se-
lection rules are obtained [3] that the total number
of the para-particles in the initial and final states
should be unity. From the selection rule, along with
the experimental finding on the total particle number,
no presently observed particles can satisfy the para-
statistics.

In both theories, some experimental information
is necessary to guarantee the absence of the para-
particles. Here, we present an alternative theory with-
out resorting to such experimental findings. We start
with Eq. (3). For a given p, obtaining from Eq. (3)
the algebraic relations for ak and a†k, as analogously
given by Ref. [1], we find that while the obtained al-
gebraic relation for p = 1 is equivalent to Eq. (3), the
algebraic relations for p > 1 include Eq. (3). Taking
account of the difference of the inclusion relation be-
tween Eq. (3) and the algebraic relations, we discuss
the favorability of the p = 1 statistics.
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A wide variety of non-classical effects such as revival
phenomena, squeezing and higher-order squeezing can
in general be displayed by wave packets propagating
through a nonlinear medium. An extensive literature
exists on the occurrence of revivals and fractional re-
vivals in wave packet dynamics [1]. A wave packet
revives at those instants when it returns (apart from
an overall phase) to its original form. Consequently,
at revival times, the product ∆x∆p of the uncertain-
ties in the position and momentum returns to its ini-
tial value. During fractional revivals, the wave packet
splits into two or more spatially spread out ‘clones’ of
the initial wave packet. Distinctive signatures of an n-
clone fractional revival are manifest in the moments of
appropriate observables [2]. Between two consecutive
revivals the value of this uncertainty product could,
in principle, vary with time in a complicated manner.
The wave packet could also possibly display squeez-
ing and higher-order squeezing, depending on the ini-
tial state considered and the nature of the nonlinear
medium in which it evolves.

We examine the behavior of the uncertainty prod-
uct in time intervals close to revivals and fractional
revivals of a wave packet propagating in one dimen-
sion in a Kerr-like medium. The aim is two-fold: (i)
to examine if signatures of fractional revivals manifest
themselves in the behavior of the uncertainty prod-
uct, and (ii) to investigate the delicate relationship
between the nature of the input state and its subse-
quent squeezing and higher-order squeezing properties
as it evolves in a nonlinear medium.

Using the standard oscillator coherent state (CS)
|α〉 as the reference initial state, we compare the evolu-
tion of an m-photon-added CS |α , m〉 [3] with that of
the former under the nonlinear Hamiltonian h̄χ a† 2 a2

where [a , a†] = 1 and a |α〉 = α |α〉 . Dynamical
squeezing of photon-added states arising due to the
time-dependent frequency of the electromagnetic field
inside the cavity in which the states are produced has
been investigated earlier [4]. Our investigation focuses
on a rather different aspect, namely, the interesting
links between the degree of departure from coherence

of the initial state, squeezing properties during prop-
agation, and the occurrence of fractional revivals.

We have shown that, independent of the initial state
chosen, squeezing and higher-order squeezing occur in
the neighborhood of revival times. However, while |α〉
displays squeezing in the neighborhood of the 2-clone
fractional revival as well, |α , m〉 does not display this
behavior even for a value of m as low as unity. Fur-
ther, for all |α , m〉, so-called “kth-power amplitude
squeezing”[5] occurs in the neighborhood of 2-clone
fractional revivals, for even values of k. This is in
contrast to the behavior of |α〉, which displays such a
behavior for odd values of k, at these times.

These and related results provide clean tests to
probe the nature of the initial wave packet — in partic-
ular, its degree of coherence. Our investigation gains
further relevance in the light of recent proposals to
implement logic gate operations at the instants of 2-
clone fractional revivals of a wave packet, and also to
exploit squeezing properties to implement quantum
information protocols.

References

[1] R. W. Robinett, Quantum wave packet revivals,
Phys. Rep. 392, 1 (2004), and references therein.

[2] C. Sudheesh, S. Lakshmibala and V. Balakrish-
nan, Manifestations of wave packet revivals in the
moments of observables, Phys. Lett. A 329, 14
(2004).

[3] G. S. Agarwal and K. Tara, Nonclassical prop-
erties of states generated by the excitations on a
coherent state, Phys. Rev. A 43, 492 (1991).

[4] V. V. Dodonov and M. A. Marchiolli Dynamical
squeezing of photon-added coherent states, Phys.
Rev. A 58, 4087 (1998).

[5] S. Du and C. Gong, Higher-order squeezing for
the quantized light field: kth-power amplitude
squeezing, Phys. Rev. A 48, 2198 (1993).

ICSSUR'05, Besançon, May 2-6, 2005

-195-



A local realistic theory for the Einstein-Podolsky-Rosen-Bohm 
and Greenberger-Horne-Zeilinger experiments 

 
Boon Leong Lan 

 
Monash University, 2 Jalan Kolej, Petaling Jaya 46150, Selangor, Malaysia 

lan.boon.leong@engsci.monash.edu.my 
 
 

Recent EPRB and GHZ experiments have 
further confirmed the prediction of quantum theory 
rather than the prediction of local realistic theory a la 
Bell. This has led to the widespread conventional view 
that no local realistic theory can reproduce the quantum 
mechanical prediction for these experiments. 

However, in this paper, the seemingly 
impossible is done, that is, a local realistic theory that 
reproduces the quantum mechanical result is presented 
(the theory works even if the settings on the measuring 
devices were changed at the last second). 

The local realistic theory presented here is 
based on the realistic interpretation of the quantum 
mechanical EPRB and GHZ states. If this local realistic 
theory is right (the main motivation of the theory is to 
reproduce the quantum mechanical result), then Bell’s 
local realistic theory (Bell’s inequality) is intrinsically 
wrong. Careful analysis of the theory and comparing it 
with Bell’s theory reveals why Bell’s theory is wrong. 
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It is well known that light attenuation and amplifi-
cation (in a laser or an optical parametric amplifier at
high-frequency pumping) either occur with the con-
servation of the statistics of photons or are accom-
panied by an increase in the level of photon fluctu-
ations. In the case of consecutive wave interactions
considered below, which use phase sensitivity of the
parametric process under low-frequency pumping, a
decrease in the number of signal photons is accompa-
nied by the suppression of their fluctuations. Notice,
that at consecutive nonlinear optical interactions radi-
ation with sub-Poissonian photon statistics can be si-
multaneously obtained at frequencies higher and lower
than the pumping one [1].

In this paper, we study peculiarities of image am-
plification process based on consecutive quasi-phase
matched wave interactions with multiple frequencies.
The consecutive interaction of light waves with mul-
tiple frequencies ω, 2ω, and 3ω in periodically poled
nonlinear crystal is analyzed. Intense pumping and
signal waves are assumed to have the 2ω and 3ω fre-
quencies, respectively. One of the nonlinear optical
processes is the parametric frequency down conversion
and the other process is frequency up conversion

2ω → ω + ω, (1)

ω + 2ω → 3ω. (2)

We obtained the solution of coupled parabolic equa-
tions for creation and annihilation operators, related
to the processes (1) and (2), and found out phase
sensitive behavior and diffraction dependence of sta-
tistical photon characteristics. Angle distributions of
the mean photon numbers and variances of the pho-
ton numbers in dependence on initial phase are cal-
culated for coherent field state at frequency 3ω and
vacuum field state at frequency ω. Analysis of signal-
to-noise ratio shows possibility of image amplification
and transfer in such a scheme with suppression of fluc-
tuations. Fig. 1 represents spatial behavior of G3ω(Φ)
function, which is determined as signal-to-noise ratio

∗E-mail: makeev@newmail.ru
†E-mail: aschirkin@pisem.net

Figure 1: G3ω(Φ) as a function of Φ =
√

0.5k(3ω)φ,
where k(3ω) is the wave number and φ is the angle,
for the initial mean signal photon number 〈n30〉 = 100
and phase relation between pump wave and signal one
equal π

2 .

at the output of crystal divided by signal-to-noise one
at the input at frequency 3ω. One can see the value
of G3ω(Φ) can be more than unit. The plateau in Fig.
1 demonstrates a possibility of image transfer without
distortion. Note, the quantum theory of image ampli-
fication in the case of consecutive interaction of waves
with nonmultiple frequencies was presented in [2].
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Since manipulations of qubits are 
constrained by the quantum mechanical rules, 
several classical information tasks can not be 
perfectly extended to the quantum world: it is 
impossible to perfectly clone any unknown 
qubit |φ > and to map it in its orthogonal state 
|φ⊥ >. Even if these two processes are 
unrealizable in their exact forms, they can be 
optimally approximated by the so-called 
universal quantum machines: the universal 
optimal quantum cloning machine (UOQCM) 
and the universal-NOT (U-NOT) gate, which 
exhibit the minimum possible noise. These 
two processes are contextually implemented 
by the unitary operation mapping an input 
qubit S in the arbitrary state |φ > and two 
ancilla qubits A and B into the entangled state 

( )
BASASBAS φφφφφφφφ ⊥⊥⊥ +−

6

1

3

2  

The qubits S and A are the optimal clone 
qubits while the qubit B is the optimal flipped 
one. The 1→1 U-NOT gate and the 1→2 
UOQCM have been experimentally 
demonstrated by adopting the process of 
stimulated emission generated by a single 
photon into an optical parametric amplifier 
[1] and by slightly modifying the quantum 
state teleportation protocol [2].  

Since the optimal cloning process is a 
unitary transformation acting on three qubits, 
the initial content information can be re-
obtained by applying a suitable 
transformation to the three qubits. Recently 
Bruss and colleagues [3] have proposed to 
retrieve the initial quantum state |φ > on the 
qubit B by means of a LOCC approach (Local 

Operation and Classical Communications): a 
Bell measurement on the clone qubits, 
classical communication, and unitary 
operation on the qubit B (Fig.1-a). We 
describe the experimental realization of the 
reversion machine. We clone by non-linear 
techniques [1] and perform a Bell 
measurement adopting linear optics device 
(Fig.2-a). The average final fidelity is found 
to be 84% [5].  

Recently asymmetric, not universal, 
cloning machines have been investigated [3] 
where the state-dependent cloner is optimal 
with respect to a given ensemble. This 
cloning is generally called covariant. In this 
case, since there is a partial a-priori 
knowledge of the state, it is possible to reach 
a higher fidelity than for the universal cloning. 
The 1 3 phase covariant cloning, which 
optimally clones qubits belonging to the 
equatorial plane, achieves the fidelity Fcov= 
0.833 while the 1 3 universal cloning attains 
Funi= 0.778. We will describe how the 1 3 
quantum phase-covariant cloning can be 
implemented by modifying the standard 
universal quantum machine and by adopting 
the projector over the symmetric subspace 
(Fig.1-b).A complete experimental realization 
of the protocol obtained combined non-linear 
and linear methods will be discussed [5] 
(Fig.2-b). 
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Trapped ions and quantum parametric oscillator are
considered in the tomographic probability representa-
tion of quantum states. For trapped ion, the integrals
of motion which are linear in position and momen-
tum and contain explicitly time dependence are dis-
cussed in the probability representation. Quantum
evolution of trapped ion is described by positive tran-
sition probability which is expressed in terms of the
complex transition probability amplitude (Green func-
tion) for the oscillator with time-dependent frequency.
The Green function of the Schrödinger equation for
the trapped ion state is expressed explicitly in terms
of the tomographic transition probability. Thus both
quantum states of trapped ion and quantum evolu-
tion of these states are described by standard proba-
bility densities and standard transition probabilities,
respectively. The property of probability to be asso-
ciated with entropy is used to define the tomographic
entropy of quantum state. The example of two-level
atom (spin system) is considered and the tomographic
entropy which is the function on unitary group is con-
sidered [1]. Dynamics of the entropy is studied for
some simple examples. Properties of the tomographic
entropy and its relation to von Neumann entropy of
quantum states is elucidated. The relation of the
tomographic entropy to uncertainty relations is dis-
cussed. Tomographic information contained in

multiqubit system and its relation to quantum cor-
relations of the qubits is considered.
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Random lasers with coherent feedback studies, have
been pursued intensively in several experimental [1-4]
and theoretical investigations, that have been realized
with highly disordered semiconductor powder and or-
ganic materials. This random laser is different from a
conventional laser in the feedback mechanism; a con-
ventional laser consists of a gain medium and a cavity.
The cavity, usually made of mirrors, provides coherent
feedback for lasing. In contrast in a random laser, has
no mirrors. The feedback is supplied by optical scat-
tering in a disordered medium. Random media can
confine light in a very small region. It is possible to
make a laser in such a random medium that does not
require a pre-defined physical cavity, to better under-
stand this phenomenon and further investigate how
the cavity is formed. The interference of scattered
light leads to light localization. Therefore, light prop-
agation can be inhibited in a disordered system. Light
transport in a disordered medium is closely related to
that in an ordered medium. In this paper, we study
how the light transport behavior evolves when a (1-D)
system transit continuously from a perfectly ordered
structure to a highly disordered structure. Before, we
calculate the transmissivity, decay length near the res-
onances appearing in the first allowed band and mode
linewidth in 1-D systems ordered, weak disordered and
highly disordered cases, we start with an ordered sys-
tem having the periodic delta-peak potential. We oc-
curs on the effect of the photonic bandgap(PBG) on
a random medium.

The complete random system behaves like a broad-
band mirror through the entire frequency region. In
such a random system, light can experience high re-
flection from the multiple dielectric layers. With
two stacks of those multiple layers of high reflectiv-
ity which serve as two highly reflective mirrors, light
will be confined in between and a resonant cavity is
formed. Light inside the random cavity penetrates
both sides of the mirrors for certain distance. This
penetration length gives the size of the random cav-
ity. This value also determines the number of layers
needed to trap the photons inside. In a weakly dis-

ordered system, the lasing mode is located near the
band edge and the density of states becomes nonzero
but small inside the stopband. As the randomness in-
creases, the first lasing mode moves toward the stop-
band center and the density of states increases in the
stopband. The minimum lasing threshold occurs at
certain degree of disorder.
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TDFWM is a nonlinear effect, which allows 

time reversal in a system of atomic particles, 
including atoms, impurity in crystals, gas or 
liquid molecules, etc. Stimulated photon echo is 
widely used in various applications. 
Modification of basic stimulated echo 
architecture provides an opportunity to 
implement various analog, digital and analog-
digital models of echo-processor. 

Optical echo processor could be build on 
base of crystals doped with rare-earth ions, such 
as LaF3:Pr3+, CaWO4:Nd3+, YAlO3:Er3+, 
Gd2SiO5:Pr3+, Lu2SiO5:Pr3+, Y2SiO5:Pr3+ 
possess a high optical damage threshold. 

Architecture of a TDFWM-based laser digital 
vector-matrix multiplier with a pixel structure is 
best suited for quantum computation. Pixel 
structure is thought as medium (for instance 
Y2SiO5) with separate microdomens containing 
impurity ion, e.g. Pr3+. These pixels are 
arranged in crystal media in a regular order.  

 Because of single impurity ion interaction 
quantum approach has been accepted for further 
discussion. Each pixel contain single impurity 
ion considered as two level quantum system, 
namely qubit, resonant to a laser source through 
transition 3H4-1D2 under T=77K. The phase 
memory time is approximately 0,1 - 1,0 ms. 
Optical excitation pulses is about 0,1 ps - 1fs. 
Pixel size is on the order of ~10 - 100µ. Every 
channel works through one pixel with a single 
qubit. 

Architecture of a TDFWM-based laser digital 
vector-matrix multiplier could be used for one-
way quantum computer scheme. This quantum 
computation implies only one-qubit 
measurements on entangled states a (the cluster 
states). Following the algorithm we initially 
prepare all qubits in an arbitrary superposition 

2/)10( +=+ . Then light π or π/2 pulse 
entangles all qubit simultaneously. This 
operation provides all entanglement involved in 
subsequent computation. The cluster state сΦ  
is characterized by a set of eigenvalue 
equations. It was shown that a cluster state сΦ  
can be imprinted by one-qubit measurements.  

The quantum computing provides unitary 
transformation on n qubits through matrices 
with dimension 2n. Quantum information 
thereby aligned horizontally wile qubits on 
vertical connections are used to realize quantum 
gates. 

Thus, the architecture of a TDFWM-based 
laser digital vector-matrix multiplier with a 
pixel  structure promises various applications in 
quantum computing, since unitary 
transformation performed on set of complex 
quantities are largely based on the operations of 
phase addition. 
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Quantum jump superoperators (QJS´s) which are present in the continuous
photocount theory are either introduced ad hoc or are derived assuming a quite ef-
…cient detection, i.e., considering just (a) the very start of the interaction between
an electromagnetic (EM) …eld and a measurement apparatus (MA) consisting of
a detector and a photon counter. So, for a small interaction time the formal ex-
pression for the QJS becomes independent of several features of the interaction
between the MA and the EM …eld. However, by looking more carefully at the
photodetection process, we can also think about the possibility that a sudden
transition (photon loss by the …eld) does not happen at the start of the interac-
tion, but at any time while it is e¤ective, and with di¤erent probabilities. So, if
the …eld-MA interaction lasts a time interval T , one could either consider a QJS
derived on the assumption (b) that the jump occurs at a time tm, 0 < tm < T ,
when the (time dependent) transition probability is maximum or (c) by averaging
the transition probability over T . In general, each choice, (a), (b) or (c) leads to
a di¤erent QJS. So, in the present contribution we derive QJS´s for two di¤erent
kinds of MA´s, and discuss the di¤erent predictions about the EM …eld properties.
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Here we propose a C-Not gate using as the two
qubits, the two vibrational modes of the ion. We
assume that the ion is confined to a bi-dimensional
harmonic potential. In this case, the center of mass
motion is completely equivalent to a two dimensional
oscillator characterized by the oscillation frequencies
νa and νb in two orthogonal directions X and Y ,
with the corresponding creation (annihilation) oper-
ators a†(a) and b†(b) in the corresponding X and Y
directions.

Figure 1: Energy level diagram

We propose ( [1]), a Raman coupling of a three-level
ion in a Λ configuration, confined in a two dimensional
harmonic potential, as shown in the Fig ( 1). The
ion is excited by two laser beams linearly polarized in
the X and Y directions, connecting the energy levels
|g〉 ⇐⇒ |f〉 and |f〉 ⇐⇒ |e〉. These lasers are detuned
with respect to the excited state |f〉, thus generating
a Raman transition between the |g〉 and |e〉 states.
After performing the Rotating-Wave and Dipole ap-
proximations,adiabatic elimination of the third level
and keeping resonant terms only, one readily gets:

HI = h̄
{|g〉〈e|Ωa†kab†lb + |e〉〈g|Ω∗akablb

}
(1)

Adjusting the lasers, we can get various time evo-
lutions of our system. For the C-NOT gate , we
will choose the two combinations ka = 1, lb = 1 and
ka = 1, lb = 0.The time evolutions of these two cases
are [2]:

|g〉|m〉a|n〉b → cos
(√
mngt

) |g〉|m〉a|n〉b (2)

−i sin (√
mngt

) |e〉|m− 1〉a|n− 1〉b,

|e〉|m〉a|n〉b → cos
(√

(m+ 1)(n+ 1)ngt
)
|e〉|m〉a|n〉b

(3)
−i sin

(√
(m+ 1)(n+ 1)gt

)
|g〉|m+ 1〉a|n+ 1〉b

where m and n are the vibrational states of the ion
in theX and Y directions respectively. If the initial in-
ternal ionic state is |g〉, and applying sequentially the
operations E1(π/2), E2(3π/2) and E1(π/2) , where
E1(π/2) means to apply the equation (2) for gt = π/2
and E2(3π/2) apply the equation (3) for gt = 3π/2
one readily obtains:

|g〉|00〉 −→ |g〉|00〉 → |g〉|00〉 → |g〉|00〉 (4)

|g〉|01〉 −→ |g〉|01〉 → |g〉|01〉 → |g〉|01〉
|g〉|10〉 −→ |g〉|10〉 → i|e〉|00〉 → |g〉|11〉
|g〉|11〉 −→ −i|e〉|00〉 → |g〉|10〉 → |g〉|10〉

In summary, we have been able to implement a C-
NOT gate using two vibrational modes and the inter-
nal states of a single ion.
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^E_Y`baOcSdfeQgh`bi�e@jSk/l>m npofqsrbobtpuvqscSj%iwq iwxzy{j%dQgzcS|~}{iwq �%`bd�ofq eJn%tw_5cS| qscSi�%�]�%���S�wt�l2�O���;�Mmwq iOc�b_Y`baOcSdfeQgh`bi�e{jSk2l>m npofqsrbo@cSiO���YoJeQdQj%iwj%g�n%twuvj%�wqsofqscSiOch��e�c�eQ`�}{iwq �%`bd�ofq eJn%tp��c�eQj%i[�@j%�wx%`%twuC�����%�%�%���A���%�w�%t%}5�p��Mj%dQdQ`]ofa6j%iO�pq iwx�cS�peQmwj%d]�>�w`biwxzl/cSi���wcSq aOcSi;�5�p| �pe]� `]�p�v� rEi6�
� rEj%ghaw| `EeQ`¡cSiOcS| npofqso"jSkI`bi�e�cSiwx%| `]��eQdQqs¢��w£wq e¤aw�wdQ`oJe�c�eQ`]o{qsoYrbcSdQdQq `]��j%�pe5£Oc%of`]�[j%i¥cziw`b¦§ofq ghaw| `�`bi�e�cSiwx%| `E�gh`bi�eYgh`]c%of�wdQ`%�{�{i+cSiOcS| npofqso@jSkMcS| |Ca6j�oQofq £w| `�`E¨ eQdQ`bgzcS| | n`bi�e�cSiwx%| `]��aw�wdQ`�eQdQqs¢��w£wq e5oJe�c�eQ`]o@¦@q eQm¥�wa[eQjz`bq x%m�e{eQ`bdQgzoqsohofmwj�¦@iIeQjdQ`]�p�OrE`%t>¦@q eQm©eQmw`[mw`b| a©jSk��pu2ª��@�¡eQd�cSiOoJ�k«j%dQgzc�eQq j%iOoG¬ �9At2eQj	eQmwdQ`b`��pqsoJeQq iOr9e�eJn a6`]ob�¥®�mw`�cSiOcS| npofqsoawdQ`]of`bi�eQ`]�GcSdQ`Yghj�oJe�mw`b| apk«�w|;k«j%dM¯OiO�pq iwxh�pq °;`bdQ`bi�e�`bi�e�cSip�x%| `bgh`bi�e�eJn a6`]o�q i[g��w| eQq aOcSdfeQq eQ`�aw�wdQ`�oJe�c�eQ`�ofnpoJeQ`bgzob��YrbrEj%d��pq iwxzeQj(¬ �]At6k«j%d�cGx%`bi �wq iw`�`bi�e�cSiwx%| `]�¥±[�²¢��w£wq eaw�wdQ`�oJe�c�eQ`�³�tpeQmw`�gh`]c%of�wdQ`�rbcSi�£6`��p`E¯Oiw`]��£ n

´ �A³��>µ·¶¸ ¹ ^º"» º¼ ½ ^v¾ ¼ q k ¾ ¼À¿µ���Á¥Â�Ã
� jSeQmw`bdQ¦@qsof`%Ã �J�K�

¦@mw`bdQ` ¾ ¼ µÅÄ{®Cd]¬ ��Æ Ç>� ¼ | j%x � �«Æ Ç>� ¼ @qso�eQmw`�dQ`]�p�OrE`]�È�%j%iy{`b�wgzcSiwiÉ`bi�eQdQj%a n	k«j%d�eQmw`zÂR�ReQmÉaOcSdfeQqsrE| `hj%iw| n¥¦@q eQmÉeQmw`jSeQmw`bdÀ±ÊÄ�YaOcSdfeQqsrE| `]o/eQd�c%rE`]�zj%�pe]tpcSiO�¥�«Æ Ç>� ¼ qso>eQmw`�rEj%df�dQ`]ofa6j%iO�pq iwx�dQ`]�p�OrE`]���p`biOofq eJnGgzc�eQdQq ¨~�2ËAeYrbcSi�£6`��%`bdQq ¯O`]�eQmOc�e/eQmw`YoJe�c�eQ`5³"qso/aOcSdfeQqscS| | n�of`baOcSd�cS£w| `�¦@mw`bihj%iw`@jSk6eQmw`dQ`]�p�OrE`]�È�%j%i�y{`b�wgzcSiwi�`bi�eQdQj%awq `]o ¾ ¼ qso�Ìb`bdQjO�ÉË²i©of�Or�mrbc%of`]o�eQmw`�oJe�c�eQ`h³§qso{iwjSe�czx%`bi �wq iw`�`bi�e�cSiwx%| `]�	±[�²¢��w£wq eoJe�c�eQ`%�	�w�wdfeQmw`bdQghj%dQ`%t2�p`E¯Oiwq eQq j%i��J�K��qso�q i ��cSdQqscSi�e��wiO�p`bduC}�t;¦@mwqsr�mÉqso5`]¢��wq ��cS| `bi�e5eQj[u2ª��@�Tk«j%d�aw�wdQ`hoJe�c�eQ`zofnpoJ�eQ`bg[�¥ÍM¢6�I�J�K��¦@q | |À£6`Îj%�wd��wiwqs¢��w`Î£6`biOr�mwgzcSdQÏ¥k«j%d�eQmw`�p`bx%dQ`b`YjSkC`bi�e�cSiwx%| `bgh`bi�eÀjSk2±[�²¢��w£wq e�aw�wdQ`�oJe�c�eQ`]ob�/}Yofq iwx�J�K�9tS¦À`ÀmOcK�%`�of�OrbrE`]oQoJk«�w| | n��%`bdQq ¯O`]��eQmOc�e2eQmw`bdQ`�qso2j%iw| n�j%iw`eJn a6`�jSk/`E¨ eQdQ`bgzcS|M�«gzc�¨pq gzcS|Ð��`bi�e�cSiwx%| `bgh`bi�e@k«j%dY£wqs¢��w£wq eofnpoJeQ`bg[tp¦@mwqsr�m�qso@`]¢��wq ��cS| `bi�e�eQjheQmw`��À`b| |;eJn a6`%��Àn¤�Oofq iwx�eQmw`�`bi�e�cSiwx%| `bgh`bi�eÉgh`]c%of�wdQ`T�J�K�9thc�rEj%g��aw| `EeQ`	cSiOcS| npofqso�k«j%dh`bi�e�cSiwx%| `]�ÈeQdQqs¢��w£wq eGaw�wdQ`	oJe�c�eQ`]o�mOc%o£6`b`bi"rbcSdQdQq `]�Ij%�pe]��®�mwdQ`b`�eJn a6`]ozjSk5`E¨ eQdQ`bgzcS| | nI`bi�e�cSip�x%| `]��eQdQqs¢��w£wq eMaw�wdQ`5oJe�c�eQ`]o>mOcK�%`@£6`b`biGqs�p`bi�eQq ¯O`]�z£ n��Oofq iwxeQmw`	rEj%iOoJeQd�cSq iw`]�Igzc�¨pq ghq Ì]c�eQq j%iv�©®�mw`[`E¨ eQdQ`bgzcS|���cS| �w`]ojSk/eQmw`]of`�eQmwdQ`b`�eJn a6`]oYjSkM`bi�e�cSiwx%| `bgh`bi�e5cSdQ`Î�%t~�wÑ �w�]���S�%�wt�wÑ �%�%���S��ÒptKdQ`]ofa6`]r9eQq �%`b| n%tS¦@mwqsr�mGofmwj�¦IeQmOc�e>eQmw`5Ó�Ô�ÕzeJn a6`oJe�c�eQ`�¦@q eQm
Ö Ó�Ô�Õ~×>µ �Ø � � Ö �%�%��×~Ù Ö �%�%�K×f� �R�SÚp�

cSiO�GeQmw`�ÛÜeJn a6`�¦@q eQm
Ö Û¤×Mµ �Ø � � Ö �]�%��×vÙ Ö �w�]��×~Ù Ö �%�w�K×f� �R�%ÝE�

cSdQ`�cS| |veQmw`�ofa6`]rEqscS|Xrbc%of`]o�jSk2eQmw`�®Mn a6`�ËfËfË²Þ�oJe�c�eQ`]ob�@� q g��q |scSdQ| n%tweQmw`�eJn a6`�ËfËfË²Þ�oJe�c�eQ`]oYrbcSi¥cS| ¦�cKnpo�£6`�eQd�cSiOoJk«j%dQgh`]�£ n[�pu2ª��@�©eQj�eQmw`�k«j%| | j�¦@q iwx�k«j%dQg
Ö ËfËfË²ÞK×Mµ"Ú Ö �%�]��×vÙ�Ý Ö �]�w�K×~ÙIß Ö �w�%�K×~ÙIà Ö �]�%��× �R�Sßb�

¦@q eQm Ö Ú Ö µ Ö Ý Ö µÜ�wÑ �����p���SÒpÃ Ö ß Ö µÜ�wÑ ��ÒS�%�w�b�OÃ Ö à Ö µ�wÑ �%�w�KÒ����wtÀdQ`]ofa6`]r9eQq �%`b| n%�§®�mw`]of`	eQmwdQ`b`¥eJn a6`]oGjSk�`bi�e�cSip�x%| `]�[oJe�c�eQ`]o@rbcSiwiwjSe@£6`�eQd�cSiOoJk«j%dQgh`]�zk«dQj%gáj%iw`5eJn a6`�q i�eQjcSiwjSeQmw`bd@eJn a6`�£ n	�pu2ª��@�Ytw¦@mwqsr�mvtweQmw`bdQ`Ek«j%dQ`%tOcSdQ`�dQ`]rEj%xS�iwq Ìb`]�ÎeQjz£6`�cS| |~q iw`]¢��wq ��cS| `bi�e�eJn a6`]o@jSkX`bi�e�cSiwx%| `bgh`bi�e]�ÛÉ`ÎcS|sofj[k«j%�wiO�ÉeQmOc�e�eQmw`G`bi�e�cSiwx%| `bgh`bi�e�gh`]c%of�wdQ`G�p`E�¯Oiw`]�T£ n$�J�K�Gqso�`E°;`]r9eQq �%`Éq i¤rE|sc%oQofq k«n q iwx©�pq °;`bdQ`bi�e[x%`bip��wq iw`b| nÎ`bi�e�cSiwx%| `]�GeQdQq aOcSdfeQq eQ`�aw�wdQ`�oJe�c�eQ`]ob�>®�mw`�ghj�oJe@q g��a6j%dfe�cSi�e�rEj%iOrE| �Oofq j%iqso�eQmOc�e�eQmw`Gi �wg�£6`bd�jSk�£Oc%ofqsrz¦�cKnpojSkY`bi�e�cSiwx%| `bgh`bi�e�`]¢��OcS|so�eQj¥eQmw`�i �wg�£6`bd�jSk{`E¨ eQdQ`bgzcS| | n`bi�e�cSiwx%| `]�GeJn a6`]ob�/®�mw`bdQ`Ek«j%dQ`%t `E¨ eQdQ`bgzcS|~`bi�e�cSiwx%| `bgh`bi�e�qsocÎiw`]rE`]oQoQcSdQn[rEj%iO�pq eQq j%i+q i¥¯OiO�pq iwx	�pq °;`bdQ`bi�e�¦�cKnpoYjSkM`bip�e�cSiwx%| `bgh`bi�e�q iÈg��w| eQq aOcSdfeQq eQ`zaw�wdQ`ÎoJe�c�eQ`GofnpoJeQ`bgzo��wiO�p`bdeQmw`¥�pu2ª��@�Y�/®�mw`[cSiOcS| npofqso�rbcSi�£6`�`E¨ eQ`biO�p`]�IeQjÉjSeQmw`bdg��w| eQq aOcSdfeQq eQ`�aw�wdQ`[oJe�c�eQ`�ofnpoJeQ`bgzo�q i©c+oJeQd�cSq x%m�efk«j%dQ¦�cSd��gzcSiwiw`bd]�� �wawa6j%dfe[k«dQj%gâeQmw`È}�� �;�YyYc�eQq j%iOcS|��prEq `biOrE`È�wj%�wiO�wc��eQq j%iã���w�b���%�%�%���9t�eQmw`¤� j%�peQmw`]c%oJeQ`bdQiä}{iwq �%`bd�ofq eQq eQ`]oI�@`E�of`]cSd�r�m��YoQofjprEqsc�eQq j%ivt�eQmw`yYc�eQ�wd�cS|��prEq `biOrE`�wj%�wiO�wc�eQq j%ijSkM�Mmwq iOc[�J�]�w���SÒS�%�w�K�9tSeQmw`�yYc�eQ�wd�cS|v�prEq `biOrE`��wj%�wiO�wc�eQq j%ijSk6uvqscSj%iwq iwxYl>dQj�� q iOrE`{�R�S�%�w�%�]�w�]��ÒS���9t9eQmw`�ÍM�p�Orbc�eQq j%i�_Y`E�aOcSdfeQgh`bi�e�jSk�uvqscSj%iwq iwx	l>dQj�� q iOrE`��R�S���p�K�%�S����� �9t;cSiO�¥eQmw`uX�p}�åpuCyYyY}©æJj%q i�e{dQ`]of`]cSd�r�mÎawdQj%x%d�cSgÊqso{c%r�Ï iwj�¦@| `]�px%`]�~�
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¬ �E��Y��Ô����À`biwiw`Eefe]t5�;��l2j%a6`]oQrE�vt{_����@j%mwdQ| qsr�mvt{ïO������ ghj%| q ivt/cSiO����Xð��X®�mOcSaw| q n�cS|Rt2l>m npob�C�@`b�;�C��ñ6òvt�w�K�S�%� �p�R�S�%�w�K�9�
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Interaction of intense laser beam with an inversion
symmetric third order nonlinear medium is modeled
as a quartic anharmonic oscillator. The operator solu-
tion of the model Hamiltonian is used to theoretically
study the possibilities of generation of higher order
nonclassical states. It is found that the higher order
squeezed and higher order antibunched states can be
produced by this interaction. An analytic expression
for total noise of the field state, which is a measure of
fluctuations in filed amplitude, is derived. The total
noise as well as the higher order total noise is found
to increase with the increased nonclassicality in the
system. We have also shown that the higher nonclas-
sical states may appear separately, i.e. a higher anti-
bunched state is not essentially higher order squeezed
state and vice versa.
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Quantum mechanics as a statistical theory can
be formulated relative to various operator orderings.
Speaking of the s-ordering, s = 1 (≡ N ), −1 (≡ A), 0
(≡ S) is used for the normal, antinormal, symmetrical
ordering, respectively. To various operators M̂ their
symbols M(α, s) can be assigned in the form

M(α, s) = Tr{∆̂s(α)M̂}, (1)

where ∆̂N (α) = |α〉〈α| is a coherent state, while for
s 6= N , the expression is more complicated [1]. On the
contrary, to an interesting classical quantity M(α), s-
ordered operators can be generated

M̂s =
∫

M(α)Φ̂s(α) d2α, (2)

where
Φ̂A(α) =

1
π
|α〉〈α|, (3)

but for s 6= A the expression is more complicated.
From this viewpoint, the phase operator is no prob-
lem, indeed the Turski operator [2]

φ̂A =
1
2i

∫
(lnα− lnα∗)Φ̂A(α) d2α. (4)

Rather the possibility of other phase operators is puz-
zling.

Concerning the recent proposal [3, 4]

φ̂A
?= − i

2
lim

χ→∞
D̂(χ) ln

(
1 +

â

χ

)
D̂†(χ) + H. c., (5)

where D̂(χ) = exp[χ(â† − â)] is the displacement op-
erator, H. c. stands for the Hermitian conjugate term,
and

ln
(

1 +
â

χ

)
=

∞∑
k=1

(−1)k−1

k

(
â

χ

)k

, (6)

we may appreciate the clever use of the properties
âkΦ̂A(α) = αkΦ̂A(α), Φ̂A(α)â∗k = α∗kΦ̂A(α). As the
limit procedure and the displacement operation are
simply related to the operator ordering, we see im-
mediately that the right-hand side may define Φ̂s(α)
with s 6= A as well.

The ambiguity of the above operator stems from
the fact that the division by χ does not suffice for the
convergence of the series (6). The ensurance of the
convergence has to be realized in the phase space. It
depends on the ordering and leads to various phase
operators.
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Squeezing[1,2] (i.e., )

4
1

)X( 2 <∆ θ and 

sub-Poissonian photon statistics[1-3] (i.e., 
n2)N( <∆ ) are two well-known non-classical 

features of light. Here )eaae(
2
1

X ii θ+θ−
θ += , 

θθθ −=∆ XXX , NNN −=∆ , nN = , aaN += and 
a is the annihilation operator for light. For the 
detection of squeezing of light, the input light is 
superimposed on an intense coherent light[4] 
using a beam splitter and the superimposed 
light , which exhibits sub-Poissonian photon 
statistics also, is detected by photon counting 
experiment. In this method, called, Homodyne 
method[5], one measures the Mandel's Q 
parameter[6] defined by 1]N)N([Q 2 −∆= , for 

the superimposed light and a negative value of 
Q ( i.e., sub-Poissonian photon statistics ) 
confirms squeezing of the input light and give a 
proportionate value of  the squeezing 
parameter. 

Recently Kim[7] introduced  the 
higher-order sub-Poissonian photon statistics 
and defined the second -order sub-Poissonian 
photon statistics by the inequality 

) 3 ()N( nn24 +<∆ . In this paper, we show that 

the light having  fourth-order squeezing 
defined by Hong and Mandel[8] 
superimposed with an intense coherent field 
always gives the second-order sub-Poissonian 
photon statistics. Using this result, we propose 
an ordinary Homodyne method for detection 
of fourth-order squeezing of light, where a 
negative value of the parameter P defined by 

1)]3()N([P nn24 −+∆= , (i.e., the second-order 

sub Poissonian photon statistics) will confirm 
fourth-order squeezing and will give the 

proportionate value of the fourth-order 
squeezing parameter. 
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We define deformed creation and annihilation op-
erators A† = f(n̂)a†, A = af(n̂) [1] in terms of the
usual harmonic oscillator operators a, a†, n̂ = a†a.
If we chose f2(n̂) = 1 − n̂χ where the anharmonic-
ity parameter χ = 1/(2N + 1) with N the number
of bound states supported by the potential, then the
Hamiltonian

HD =
h̄Ω

2

(

A†A + AA†
)

, (1)

has the eigenvalues

En = h̄Ω

(

(n +
1

2
) − χ(n +

1

2
)2 −

χ

4

)

(2)

which are similar to those of the Morse potential.
The interaction picture Hamiltonian is obtained

transforming the interaction potential with the solu-
tion of the unperturbed Hamiltonian HD . The effect
of this transformation upon the deformed operators
A, A† is:

U
†

0AU0 = e−iΩt(1−2χ(n̂+1))A (3)

U
†

0A†U0 = A†eiΩt(1−2χ(n̂+1)). (4)

A consequence of the non linear terms in HD is
the presence of the number operator in the expo-
nents, we will replace it by an average time depen-
dent number defining an effective frequency Ω〈n〉(t) =
Ω(1 − 2χ(〈n〉 + 1)). Consider now the response of
this oscillator when driven by a classical electric field
E(r, t) = E0(r)e

ηt cosωt with η a small switching pa-
rameter. After making a Taylor series expansion of
the electric field we get the interaction potential:

V (t) = −qxE(r0, t) −
q

2
x2∂rE(r0, t), (5)

expanding the coordinate x in terms of the deformed
operators A, A† and keeping up to second order terms
we obtain an interaction picture Hamiltonian:

HI(t) =
∑

0≤i+j≤2

φij(t)a
†

i

aj , (6)
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and the corresponding time evolution operator can be
written exactly as [2]

UI = e−α1a†ae−α2a†
2

e−α3a†e−α4ae−α5a2

e−α6 , (7)

with unknown, time dependent complex functions αn

to be determined after substitution of the ansatz 7 in
Schrödinger’s equation. In the figure we show the tem-
poral evolution of the dipole moment q〈x〉 for a system
with χ = 0.032, ω = .24Ω0, E0 = .3E with E =h̄Ω/q`,
` =

√

h̄/mΩ . It can be seen that even for small field
intensities, the nonlinear effects are important since in
this case the fourth harmonic is resonant. Notice also
that due to the temporal dependence of the effective
frequency the oscillations are not periodic.
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Since the first experiments on trapped neutral

atoms [1] inside magneto-optical traps or totally optical
traps [2], the monitoring of Bose-Einstein Condensates
(BEC) has been performed by absorption imaging or
disperse imaging methods. Both methods have
destructive results and only provide information about the
local density of atoms in the condensate. Nevertheless,
certain proposals of manipulation of existing
condensates, such as in atomic interferometry [3] and in
the process of quantum information  [4,5] with BEC´s,
require an access to physical quantities, which are
impossible to resolve by imaging methods.

Figure 1: Homodyne atomic detection on Bose-Einstein
Condensates

Recently it was suggested [6] that balanced
homodyne detection on the quadrature of a BEC, similar
to the optical process, might exist due to the tunneling
phenomenon of atoms between the condensed atoms. It
should be observed that Josephson coupling models the
dynamics of tunneling in a BEC [6]. The coupling
parameter depends on specific conditions of trapping. In
fact, the coherent tunneling between modes appears after
the formation of a condensate state in the confined atomic
gas due to a light beam with strong non-sintony to blue
focalized in the center of the trap, generating a repulsive
dipole force in this region [7], as well as by Raman
transitions between internal atomic states induced by the
laser [8].  Another possibility is to populate a two
potentials well magnetic trap with condensed modes [9].

In such a way, the tunneling dynamics between
two modes of a trapped condensate in distinct sites of a
double potential acts as an atomic beam splitter and the
difference in the atomic counting of atoms in each mode
of the condensate makes it possible to determinate the
relative phase in an analogue way to the homodyne
atomic detection of light fields.
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Abstract: 
 
It is shown through new calculations [1, 2, 3] how the 
canonic [4, 5], variational [6, 7] and Feynman restricted 
integral [8, 9] formalisms have different advantages and 
disadvantages between each other to accomplish quantum 
electromagnetic field measurements to extract quantum 
electromagnetic field information. 
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It has for a long time been suspected but only re-
cently fully recognized [1–4] that finite (projective)
geometries may provide us with important clues for
solving the problem of the maximum cardinality of
MUBs, M(d), for Hilbert spaces whose dimension d
is not a power of a prime. It is well-known [5,6] that
M(d) cannot be greater than d+1 and that this limit
is reached if d is a power of a prime. Yet, a still unan-
swered question is if there are non-prime-power values
of d for which this bound is attained. On the other
hand, the minimum number of MUBs, µ(d), was found
to be µ(d)=3 for all dimensions d ≥ 2 [7]. Motivated
by these facts, Saniga et al [1] have conjectured that
the question of the existence of the maximum, or com-
plete, sets of MUBs in a d-dimensional Hilbert space
if d differs from a prime power is intricately connected
with the problem of whether there exist projective
planes whose order d is not a prime power. This con-
tribution is a short elaboration of this conjecture.

We consider a particular geometrical object of a
projective plane, viz. a k-arc – a set of k points, no
three of which are collinear [see, e.g., 8,9]. From the
definition it immediately follows that k=3 is the min-
imum cardinality of such an object. If one requires,
in addition, that there is at least one tangent (a line
meeting it in a single point only) at each of its points,
then the maximum cardinality of a k-arc is found to
be d+1, where d is the order of the projective plane
[8,9]; these (d+1)-arcs are called ovals. Observing
that such k-arcs in a projective plane of order d and
MUBs of a d-dimensional Hilbert space have the same
cardinality bounds one is, then, tempted to view in-
dividual MUBs (of a d-dimensional Hilbert space) as
points of some abstract projective plane (of order d)
so that their basic combinatorial properties are quali-
tatively encoded in the geometry of k-arcs, with com-
plete sets of MUBs having their counterparts in ovals
[10]. The existence of three principally distinct kinds
of ovals for d even and greater than eight, viz. con-
ics, pointed-conics and irregular ovals [11–13], implies

the existence of three qualitatively different groups of
the complete sets of MUBs for the Hilbert spaces of
corresponding dimensions. So, if this analogy holds, a
new MUBs’ physics is to be expected to emerge at the
four- and higher-order-qubit states/configurations.

References
[1] Saniga M, Planat M and Rosu H 2004 J. Opt. B:

Quantum Semiclass. Opt. 6 L19–L20
(Preprint math-ph/0403057)

[2] Wootters W K 2004 Quantum measurements and
finite geometry Preprint quant-ph/0406032

[3] Bengtsson I 2004 MUBs, polytopes, and finite ge-
ometries Preprint quant-ph/0406174

[4] Planat M, Rosu H and Saniga M 2004 Finite alge-
braic geometrical structures underlying mutually
unbiased quantum measurements Phys. Rev. A
submitted (Preprint quant-ph/0409081)

[5] Wootters W K and Fields B D 1989 Ann. Phys.
191 363–81
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Interest in multipartite maximally entangled states
is motivated by possible use in quantum communica-
tion, quantum dense coding, and quantum teleporta-
tion. Advances in experimental techniques of trap-
ping, cooling, preparation and manipulation of ionic
quantum states [1, 2], through interaction with ex-
ternal lasers, have made the generation of maximally
entangled states a possibility. Coupling of trapped
ion to quantized field inside an optical cavity has also
been achieved [3]. With the ion trap placed inside a
high finesse cavity, we have at hand a tripartite system
with additional control mechanism offered by ion cav-
ity coupling. In a letter [4], we proposed a scheme to
generate three qubit maximally entangled GHZ state,
using trapped ion interacting with a resonant exter-
nal laser and sideband tuned single mode of a cavity
field. Experimental implementation of such a proposal
is constrained by the effects of quantum decoherence
sources. In a GHZ state generation experiment, the
average effect of decoherence sources on probability
of finding the tripartite system in GHZ state is of in-
terest. We investigate the effects of intrinsic deco-
herence on the composite system dynamics using Mil-
burn model[5]. Assuming that the quantum system
evolves in a stochastic sequence of identical unitary
transformations, the probability of generating a max-
imally entangled tripartite GHZ state(PGHZ(t)) has
been calculated. The intraction parameters used are
those reported in a recent experiment [3].

Fig. 1 displays PGHZ(t) as a function of scaled
time variable T ), and intrinsic decoherence parame-
ter R = 0.001, 0.005, 0.01, 0.1. The presence of de-
cay factors in time evolution equation causes PGHZ(t)
peak values to decrease with increase in the average
size of the minimum time step. The evolution dynam-
ics of PGHZ(t) is also sensitive to changes in intrinsic
decoherence parameter R. Besides that, the energy
spectrum of system Hamiltonian determines the deco-
herence rate for a given initial state preparation. For
the case at hand that of ion initially in its ground state
occupying the lowest energy trap level, while the cav-
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Figure 1: PGHZ(t) as a function of scaled time variable
T in degrees, and intrinsic decoherence parameter R =
0.001, 0.005, 0.01, 0.1.

ity is prepared in vacuum state, the parameter R is
crucial to determining the rate at which GHZ state
generation probability decays with time. Even for a
large value of R = 0.01, we obtain GHZ state gen-
eration probability of 0.89. Decoherence effects due
to cavity decay, heating and other random sources of
decoherence on PGHZ have not been considered.
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We present a simple quantum circuit that allows
for the universal and deterministic manipulation of
the quantum state of confined harmonic oscillators.
The scheme is based on the selective interaction of
the referred oscillator, an auxiliary three-level system
and an external classical source, as described in [1] for
Cavity QED and in [2] for trapped ions. It enables
any unitary operations on Fock states qubits.

The building block of this circuit involves a selec-
tive coupling between two Fock states of the harmonic
oscillator and an auxiliary low dimensional system,
intercalated by a local operation on the auxiliary sys-
tem. By selective, we mean a linear interaction Ĥ(θ),
between the atom and the light field that is resonant
for a chosen joint subspace and dispersive for all the
remaining ones. For example, if we denote the atomic
states by {|g〉, |e〉} and we choose a particular Fock
state m for the cavity field, then Ĥ(θ) is engineered
so that only states {|gm〉, |em− k〉} perform Rabi os-
cillations. All the other doublets evolve dispersively
and all the remaining states just acquire phases [1].
Selectivity allows for the rotation of an arbitrary
harmonic oscillator qubit |qb〉 = α|m − 1〉 + β|m〉.
The extension to more general two-dimensional sub-
spaces {|m〉, |m − k〉} is immediate for the vibration
of trapped ions.

The effective Hamiltonian that describes the selec-
tive interaction comes from a dispersive Raman in-
teraction between lower levels |g〉 and |e〉 and ex-
cited state |i〉, where level |g〉 (|e〉) couples to level
|i〉 through the quantized mode (external classical
source). After the adiabatic elimination of the excited
state, the system dynamics is described by (h̄ = 1) [1]:

Ĥeff(θ) =
g2â†â

δ
σ̂gg+

g2m

δ
σ̂ee+λ(eiθσ̂geâ

†+e−iθσ̂egâ),

where θ is the relative phase between the coupling
to the external source ΩL and the coupling to the
quantized mode, g. λ = g|Ω∗L|

δ and δ is the detun-
ing of each dipole transition involved in the origi-
nal Raman scheme. This Hamiltonian splits the joint
atom-cavity mode Hilbert space into two-dimensional
subspaces spanned by the doublets {|g, n〉, |e, n− 1〉},
where the effective detuning ∆(n) = g2(n−m)

δ between

levels |g, n〉 and |e, n − 1〉 depends on the number n
of excitations in the cavity field. When ∆(n) À λ
for all n 6= m, all the doublets evolve dispersively ex-
cept for a chosen one {|g,m〉, |e,m− 1〉} that evolves
resonantly (∆(m) = 0).

We show in [3] that the following sequence of op-
erations realizes the desired rotation: first the atom
interacts selectively with the harmonic oscillator for a
chosen time τ . Then an external driving field flips
the atomic state (spin-echo technique), and finally
atom and harmonic oscillator interact selectively again
for the same time τ but at a slightly rotated angle
(θ0 = g2

∆ τ). In fact, this sequence corresponds to the
effective operation on the quantized mode:

[
Ĥc(θ0) + Ĥxc(θ0)

]
τ = {|+〉〈+| − |−〉〈−|}

×φ(eiθ0 |m〉〈m− 1|+ h.c.), (1)

where φ = λτ
√

m. This represents a direct linear
coupling between qubit states |m〉 and e−iθ0 |m − 1〉
provided the atom is initially prepared in an eigenstate
of the described σx operator. It takes state |qb〉 into
the final state |qbf 〉 = (α cosφ+ iβ sin φ)e−iθ|m−1〉+
(β cosφ + iα sin φ)|m〉, provided the atom is initially
prepared in an eigenstate of σx.

The scheme can be extended to a more complex
circuit, based on this fundamental block, that actu-
ally allows for the complete manipulation of arbitrary
states of harmonic oscillators. It is also a nice demon-
stration that universal quantum computation can be
achieved through one and two-qubit gates.
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We shall study the dynamics of few level atoms
when they are confined in a photonic band gap mate-
rial. Photonic band gap materials (PBG) are periodic
dielectric structures in which due to the periodicity
in the refraction index, certain photons are scattered
outside of the crystal (see for instance [1, 2, 3, 4]).
As a result, a gap of forbidden frequencies appears in
the photonic density of states. Because the density of
states varies very rapidly near the edge of the gap, the
dynamics of an atom in interaction with such radia-
tion field is tipically non-Markovian. Such dynamics
can be described by the use of stochastic Shrödinger
equations [5, 6, 7], even for a bath initial state that
differs from vacumm [8]. In this case, the corre-
sponding stochastic Schrödinger equation, evolves a
reduced propagator G(i, i + 1) ≡ G(z∗

i zi+1|titi+1) =
〈zi|UI(ti, ti+1)|zi+1〉, which act on the system Hilbert
space, giving the evolution of system (i.e. the atom)
state vectors from ti+1 to ti, conditioned that in the
same time interval the environment coordinates go
from zi+1 to zi. To put it in another way, the stochas-
tic forcing of the degrees of freedom of the field is
encoded in two driving terms (or noise terms) that
take into account the “history” of the environment
and lead to a conditioned dynamics of the system with
respect to the environment dynamics, and a damping
term, which describes the lost of energy of the sys-
tem and which is characterized by a correlation func-
tion. Therefore, the noise and its correlation function
are characteristics of the radiation field, and has to
be generated for the particular case of the modified
field within a photonic band gap material. Concern-
ing the atomic dynamics, several interesting phenom-
ena appears when observing the evolution of quantum
mean values of observables, and have been studied in
the frame of master equations ([4]) and in the frame
of stochastic Scrödinger equations ([9]). However, to
provide a more complete physical information of the

system, it is necessary to compute multiple-time cor-
relation functions of its observables. We shall show
how to compute such correlations, and study how they
are affected by the band-gap structure of the radia-
tion field. Additionally, we show how the Quantum
Regression Theorem is in general no longer a valid
to compute multiple-time correlation functions for a
non-Markovian system.
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MEXICO.

The one-dimensional oscillator is a group-theoretical model described by
the following postulates: i) ∃ position operator Q; ii) ∃ self-adjoint and
compact Hamiltonian operator H (generator of time evolution), satisfying
[H,Q] := −iP (defining the momentum operator P) and [H,P] = iQ; iii)
under commutation, the set {Q,P,H} close into a Lie algebra: [H, [Q,P]] =
0 ⇔ [Q,P] = iG(1,H,C), where G its a function of a central operator 1
and/or H and/or Casimir operator C.
The one-dimensional finite oscillator model is obtained by freely relating po-
sition, momentum and Hamiltonian observables with the well-known gener-
ators of angular momentum in SU(2): J1 = Q, J2 = −P, J3 = H− (j + 1

2
)1,

with the Casimir operator of the algebra ~J2 = J2
1 + J2

2 + J2
3 = j(j + 1)1,

j determining the dimension of the irreducible representation; {J1, J2, J3}
satisfying the usual commutation relations. The eigenvalues of position,
energy (by means of H) and momentum are therefore discrete and finite,

that is q|j−j, n|
j
2
0 and p|j−j, respectively. The state functions of the model

are constructed as the overlap between the position {|2j, q〉1} and Hamilto-
nian {|j, n〉3} = {|2j, j + n〉H} eigenbasis and define an orthogonal and com-
plete set of functions over a finite collection of points, involving Kravchuk
polynomials, Φn(q) := 1〈2j, q|2j, n〉H = H〈2j, j + q|ei π

2
J2|2j, n〉H . Recalling

the definition of d-Wigner function, dj
m,m′(β) := 3〈j, m|e−iβJ2|j, m′〉3 we get

Φn(q) = dj
q,n−j(

−π
2

and dj
n−j,q(

π
2
) = (−1)n

2j

√√√√
(

2j
n

) (
2j

j + q

)
Kn(j + q; 1

2
, 2j),

where Kn(x; 1
2
, N) := 2F1(−n, N

2
− x;−N ; 2) are the Kravchuk polynomials.

The ground state wave function of the finite oscillator, Φ0(q) = dq
q,j(

π
2
) its

a coherent state beeing the extreme normalized state among the eigenstates
of J3 (annihilated by the lowering operator J1 − iJ2). In the j → ∞ limit
this (binomial) distribution converges to the Gaussian oscillator ground state.

Extreme states can be found for the operator J (Ω) =
∑

k c
(Ω)
k Jk (normalized by

∑
k c

(Ω)
k

2
= 1), for (θ, φ) a vector on the unit sphere, αm(θ, φ) = eimφdj

m,−j(θ),
that represent the components of a coherent state along the vector (θ, φ).
Harmonic motion of the coherent states under fractional Fourier-Kravchuk
transform is considered in this work, as well as anti-coherent states in the
model. Anti-coherent states in the model are also considered in this work.

1This work has been done in collaboration with Natig M. Atakishiyev and Kurt
Bernardo Wolf.
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Several alternatives to the usual “single photon”
quantum key distribution schemes [1] have been al-
ready proposed. Grangier’s group has shown that
there is no need of squeezed or entangled beams, be-
cause an equivalent level of security is obtained by
simply generating and transmitting random distribu-
tions of Gaussian-modulated coherent states [2]. We
propose a novel protocol based on the quantum polar-
ization properties of the coherent states. The key el-
ements are encoded in the Stokes variables [3]. Their
quantum counterpart, the Stokes operators, [4], are
used as the non-commuting operators which are es-
sential for the security of our protocol. The main ad-
vantages of our scheme are: readily available sources
of coherent light; robustness of coherent states upon
dissipation during the transmission; the measurement
of the Stokes operators is easily accomplished with the
presently available technology [4], and requires just
linear optical elements such as beam splitters, wave
plates and light intensity measurements, making un-
necessary more complicated set ups such as homodyne
detection, which requires a separate (local oscillator)
beam for the quadratures scheme [2].

The Hermitian Stokes operators are defined analo-
gously with their classical counterparts [3], and may
be written as [4]

Ŝ0 = â†xâx + â†yây = n̂x + n̂y (1)

Ŝ1 = â†xâx − â†yây = n̂x − n̂y (2)

Ŝ2 = â†xây + â†yâx (3)

Ŝ3 = i
(
â†yâx − â†xây

)
(4)

where â†x (âx) and â†y (ây) denote the creation (an-
nihilation) operators associated with x and y photon
polarization modes. They satisfy the usual commuta-
tion relations, [âj , â

†
k] = δjk, j, k = x, y. Therefore

the commutation relations for a pair of Stokes opera-
tors (Ŝ2 and Ŝ3, for instance) is [Ŝ2, Ŝ3] = 2iŜ1, i.e.,
simultaneous exact measurements of the Stokes oper-
ators, are in general not possible. In other words, the

product of the Stokes parameters variances must obey
the following relations V2V3 ≥ | < Ŝ1 > |2. This is of
great importance if one wants to limit the information
a potential eavesdropper (Eve) is able retrieve. Alice
prepares a Gaussian continuously modulated polar-
ized beam (strongly polarized in the x direction, i.e.,
|αx|2 � |αy|2) which is basically a two-mode state
where both modes (x and y) are excited to indepen-
dent single-mode coherent states |ψxy〉 = |αx〉x |αy〉y.
She sends the beam to Bob through a Gaussian noisy
channel. Bob randomly measures, for instance, either
< Ŝ2 > or < Ŝ3 > of the incoming beam, inform-
ing Alice, after that, via a public authenticated chan-
nel, which Stokes parameter (< Ŝ2 > or < Ŝ3 >)
he has measured. At this stage Bob and Alice share
two sets of quantum correlated continuous variables,
which may be transformed into errorless bit strings via
a reconciliation algorithm. Finally, they should use a
standard protocol for privacy amplification in order to
distill the private key. This work is partially supported
by CNPq (Conselho Nacional para o Desenvolvimento
Cient́ıfico e Tecnológico), CAPES (Coordenação de
Aperfeiçoamento de Pessoal de Nı́vel Superior) and
FAPESP (Fundação de Amparo à Pesquisa do Estado
de São Paulo), Brazil.
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Continuous observation of an object inevitably results
in an increasing uncertainty of its momentum, which may
cause it to eventually escape from the region of observa-
tion [1]. Thus experiments require constraining forces to
keep the object at fixed location in the laboratory. Such
mechanisms represent a form of continuous feedback con-
trol.

Given limited observational capabilities, in most cases
the macroscopic body is controlled without resolving its
internal structure. In consequence the issue may be raised,
how the microscopic constituents of the object are affected
by the feedback. Since internal and external degrees of
freedom are usually considered as being decoupled, one
might think that macroscopic observations have no effect
on the internal dynamics of a system. However, high-order
correlations emerge also due to the non-unitary action of
feedback control [2].

The quantum dynamics due to the continuous feedback
process is governed by the quantum master equation of
Brownian motion [1, 3],

˙̂% = − i

h̄
[Ĥ, %̂] + i

ζ

2h̄
[P̂ , {X̂, %̂}]

− 1
8σ2

[X̂, [X̂, %̂]]− ζ2σ2

2h̄2 [P̂ , [P̂ , %̂]]. (1)

HereX̂ is the controlled macroscopic observable, i.e. the
centre of mass of the cloud, witĥP being its canoni-
cally conjugate momentum. The feedback mechanism is
described by the parametersσ and ζ, that are the time-
integrated measurement resolution and the shift rate, re-
spectively.

We show here, that substantial effects on the particles of
a continuously feedback-controlled quantum gas emerge.
We prove, that, despite the familiar problems of correlated
systems, continuous feedback can be exactly solved for the
single-particle dynamics. This dynamics contains effects
due to particle correlations, that are formally introduced as
coloured noise feeding the single-particle motion [4].

∗On leave from: Institut f̈ur Physik, Universiẗat Rostock, Univer-
sitätsplatz 3, D-18051 Rostock, Germany.

In particular we show that from Eq. (1) the following
stochastic differential equations results for the motion of
the single atom in the harmonically trapped gas (atomic
massm, trap frequencyω, atom numberN ):

dx =
[

p

m
−ζX(t)

]
dt + ζσ [dξ1 + df(ξ1, ξ2)] , (2)

dp = −mω2x dt +
h̄

2σN
dξ2. (3)

HereX(t) is the average motion of the centre of mass and
ξ1, ξ2 are statistically independent Wiener processes. Due
to the emergence of the additional noise incrementdf in
Eq. (2) the single-atom will be driven by coloured noise
and thus its phase-space trajectory will be non-Markovian.

This feature of the single atom keeping a certain amount
of memory about its past trajectory is associated with the
correlations between atoms, that produce peculiar effects
in the atomic density under the feedback control. In fact it
will be further shown that the atomic cloud will breath with
doubled trap frequency, where the minimum size of the
cloud typically becomes larger than the standard quantum
limit. Nevertheless, a criterium for the existence of atom-
atom correlations can be obtained via this minimum size,
so that non-destructive observations of the atomic density
may serve to detect correlations in the gas.
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The phase measurement plays an essential rule in
precision measurement, and has been widely used in
practical applications and as well as in fundamental
studies. It is well known that, given a total average
photon 〈N〉, the fundamental limit in the precision
phase measurement is set by quantum mechanics to
be so-called Heisenberg limit[1]

∆φ ≥
1

〈N〉
. (1)

In a study of high resolution spectroscopy, Bollinger
et al. [2] showed that the Heisenberg Limit is reached
by performing parity measurements on the particles
in one of the output modes of a Mach-Zehnder in-
terferometer (MZI). It is shown that by a maximally
path-entangled state (MES)

|N :: 0〉a,b ≡
1
√

2
(|N〉a|0〉b + eiΦN |0〉a|N〉), (2)

the phase-measurement uncertainty can reach exactly
at the Heisenberg limit ∆φ=1/N . Now it has become
a routine to generate MES for N =2 in the labora-
tory by injecting pairs of single-photon states simul-
taneously at a 50:50 beam splitter [3]. Two-photon
diffraction and quantum lithography has also been ex-
perimentally demonstrated for N=2 in a MZI and with
trapped ions [4, 5]. However, it is difficult to create
the required multiparticle path-entangled states for
N>2 [6, 7]. Recently, the super-resolving phase mea-
surement was realized experimentally by using three-
photon MES or four-photon MES [8, 9].

Here, we present a new interferometer for precise
phase measurement at Heisenberg limit without three-
photon MES. The crucial components in our proposal
are two non-polarization, lossless beam splitters with
two-third reflectivity. It is shown that the oscilla-
tion period of the quantum interference is three times
shorter than in the classical case and the interference
visibility is 100%. A de Broglie wavelength given by

λ0/3 can then be observed in this scheme, where λ0 is
the wavelength of single photon. Compared with sim-
ilar phase measurement [Nature (London) 429, 161
(2004); Nature (London) 429, 158 (2004)] by multi-
photon maximally entangled states (MES), a three-
photon MES state is not used in our proposal.
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Entanglement is a property of correlated quantum
systems that cannot be accounted for classically. En-
tangled states of distinct (possibly interacting) quan-
tum systems, which are those that cannot be fac-
torized into product states of the subsystems, are
of fundamental interest in quantum mechanics. The
production of pairwise entangled states is an essen-
tial requirement for the construction of the quantum
gates that make quantum information and quantum
computation possible [1]. Considerable attention has
been devoted to interacting Heisenberg spin systems
[2, 3, 4], which serve as a model for various solid state
[5, 6, 7] or NMR [8] quantum computation schemes.
A key question for entangled quantum states is the
effect of decoherence due to the environment, which is
not only a fundamental issue for quantum computa-
tion devices but also for the relation between quantum
and classical physics. Although there have been many
investigations of decoherence in recent years, careful
investigation of well-understood model systems con-
tinue to produce surprises that add to fundamental
understanding. For example, Yu and Eberly [9] have
recently shown that the entanglement of a pair of non-
interacting qubits in the presence of spontaneous de-
cay of the upper states may decohere in a finite time
instead of exponentially.

In this work we examine decoherence due to popula-
tion relaxation for the well-known interacting Heisen-
berg XY model in the presence of an external mag-
netic field. This work thus generalizes the analysis of
Ref. [3] for this model by treating decoherence. Our
analysis of decoherence due to population relaxation
complements that of Ref. [9] by examining a system in
which the qubits interact. For our model system, we
find that for any initial state, including the common
one in which the two qubits are initially unentangled,
the system reaches a steady state of pairwise entan-
glement in spite of population relaxation. We analyze
both analytically and numerically the time-dependent
evolution of the system for some typical initial states:
a pure, separable initial state; a pure, entangled ini-
tial state; and a mixed initial state. We also obtain
an analytic formula for the steady state concurrence
that shows its dependence on both the system param-

eters and the decoherence rate and that enables us to
specify optimal values for these parameters to achieve
the maximum possible concurrence. We have defined
this steady state analytically and obtained the param-
eter values that maximize its entanglement. Since our
model interaction Hamiltonian describes also meso-
scopic objects that interact via their spins, it may be
that a certain level of entanglement is robust against
decohering interactions with an environment even for
mesoscopic objects.

References

[1] The Physics of Quantum Information, edited
by D. Bouwmeester, A. Ekert and A. Zeilinger
(Springer, 2000).

[2] M.C. Arnesen, S. Bose, and V. Vedral, Phys. Rev.
Lett. 87, 017901 (2001).

[3] G. Lagmago Kamta and A. F. Starace, Phys. Rev.
Lett 88, 107901 (2002).

[4] V.E.Korepin, N.M. Bogoliubov, and A.G. Iz-
ergin, Quantum Inverse Scattering Method and
Correlation Functions (Cambridge University
Press, Cambridge, 1993), pp. 63-79.

[5] D. Loss and D.P. DiVincenzo, Phys. Rev. A 57,
120 (1998).

[6] G. Burkard, D. Loss, and D.P. DiVincenzo, Phys.
Rev. B 59, 2070 (1999).
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In this part we consider the continuation of our ap-
proach to the description of quantum ensembles. Our
goals are some attempt of classification and the ex-
plicit numerical-analytical constructions of the exist-
ing quantum states. Inside the full spectrum there
are at least three possibilities which are the most
important from our point of view: localized states,
chaotic-like or/and entangled patterns, localized (sta-
ble) patterns. The ensemble properties are described
by the set of partial Wigner functions Wi(p, q, t)
and the full ensemble Wigner function: W (p, q, t) =
∑

i wiWi(p, q, t) where the partial Wigner functions
are solutions of proper Wigner equations:

∂Wn

∂t
= −

p

m

∂Wn

∂q
+ (1)

∞
∑

`=0

(−1)`(h̄/2)2`

(2` + 1)!

∂2`+1Un(q)

∂q2`+1

∂2`+1Wn

∂p2`+1

Other important for us case is the Wigner transform
of Lindblad master equation

Ẇ = {H, W}PB +
∑

n≥1

h̄2n(−1)n

22n(2n + 1)!
(2)

∂2n+1
q U(q)∂2n+1

p W (q, p) + 2γ∂ppW + D∂2
pW

describing the important decoherence process. Repre-
sentation of underlying symmetry group (affine group
in the simplest case) on the proper functional space of
states generate the exact multiscale expansion which
allows to control contributions to the final result
from each scale of resolution from the whole un-
derlying infinite scale of spaces. We introduce the
Fock-like space structure H =

⊕

i

⊗

n Hn
i for the

set of n-partial Wigner functions (states): W i =
{W i

0, W
i
1(x1; t), . . . , W

i
N (x1, . . . , xN ; t), . . . } with the

natural Fock space like norm. Then we apply our vari-
ational approach. As a result the solutions of the equa-
tions (1), (2) have the following multiscale or multi-
resolution decomposition via nonlinear high-localized
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Figure 1: Localized pattern-like (waveleton) Wigner
function.

eigenmodes

W (t, x1, x2, . . . ) =
∑

(i,j)∈Z2

aijU
i ⊗ V j(t, x1, . . . ),

V j(t) = V
j,slow
N (t) +

∑

l≥N

V
j
l (ωlt), ωl ∼ 2l, (3)

U i(xs) = U
i,slow
M (xs) +

∑

m≥M

U i
m(ks

mxs), ks
m ∼ 2m

which corresponds to the full multiresolution expan-
sion in all underlying time/space scales. Numeri-
cal calculations are based on compactly supported
wavelets and wavelet packets and on evaluation of
the accuracy on the level N of the corresponding
cut-off of the full system regarding natural norm:
‖W N+1 − W N‖ ≤ ε. The modeling demonstrates
the appearance of different (stable) patterns from
high-localized eigenmodes: entangled/chaotic, local-
ized (waveletons). Fig. 1 corresponds to (possible) re-
sult of superselection (einselection) after decoherence
process started from entangled-like pattern.

Full list of papers/preprints can be found on our
web pages above.
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Quantum communication complexity is one of the
promising applications in quantum information pro-
cessing [1]. It tackles the problem of communication
reduction during distributed computation tasks by the
utilization of quantum effects. It was theoretically
proven that entanglement can help to solve a range
of such tasks with even exponential gain over optimal
classical protocols. However, the technology of entan-
glement based multi-party communication is still in a
premature stage. Recently, a reformulation of quan-
tum complexity protocols pointed out that even the
communication employing single qubits might allow
to gain advantage over the best classical protocols.
Such a simplification would be of tremendous impor-
tance, as it would make a multi-party communication
task technologically comparable to quantum key dis-
tribution, the only commercial application of quantum
information science so far.

Here we prove and experimentally demonstrate the
superiority of qubit communication over its classical
counterpart for distributed computations by solving
two exemplary communication complexity problems.
In the studied problems N separated partners must
determine in common the correct value of specific
Boolean function with the highest possible probabil-
ity of success. This globally defined function depends
on local personal random data distributed initially to
each party. To accomplish the tasks parties can com-
municate only N − 1 bits (classical scenario) or N − 1
qubits (quantum scenario).

We theoretically show that for such tasks with re-
stricted communication the advantage of single-qubit
assisted protocols over the corresponding classical
ones may increase even exponentially with the num-
ber of partners. Furthermore, we successfully imple-
ment quantum protocols for N = 5 partners using her-
alded single photon from parametric down-conversion
as the carrier of the qubit communicated from one

partner to the other. The qubit was encoded in the
polarization. The personal information of each party
was encoded via a phase transformation to the pho-
ton state. The analysis of the polarization state by
last party reveals the value of Boolean function. For a
fair comparison with the classical scenario, all imper-
fections of the state-ot-the-art set-up are taken into
account in the final results. The performance of the
protocol and of its implementation is so high that even
without frequently performed recallibration for detec-
tor efficiency, loss in the set-up etc., we significantly
outperform the best classical protocols for both stud-
ied tasks.

We thus clearly illustrate the potential to intro-
duce communication complexity problems and related
issues into real applications of multi-party quantum
communication. Finally, we point out that the im-
plemented scheme finds its importance in multi-party
cryptographic protocols, such as secret-sharing proto-
cols, too.

References

[1] E. Kushilevitz and N. Nisan, Communication
complexity (Cambridge University Press, Eng-
land, 1997).

ICSSUR'05, Besançon, May 2-6, 2005

-223-



 
 

World Year of Physics Conferences 
 
 
 
 

David Viennot 
Salle de Conférences  

Observatoire de Besançon 
Samedi 30 avril, 14h-16h 

 
 
 
 

Jean-Marie Vigoureux 
Petit Kursaal 

Place du Théâtre, Besançon 
Mardi 3 mai, 20h30-22h30 

 
 
 
 
 

 

ICSSUR'05, Besançon, May 2-6, 2005

-224-



Albert EINSTEIN, engagé dans son siècle
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Laboratoire de Physique Molculaire, Université de Franche-Comté - La Bouloie F - 25030 Besançon Cedex - France.

Corresponding author: Kurt B. Wolf(bwolf@fis.unam.mx)

En 1919 Eddington annonce à l’Académie Royale
d’Angleterre la première vérification expérimentale de
la relativité générale. En quelques mois, le monde
entier va connâıtre le nom d’Einstein. Aujourd’hui,
comme il y a 85 ans, Einstein est considéré par tous
comme une des personnalités marquantes du XXième
siècle et pourtant bien peu de gens ont une idée précise
de son oeuvre ou de sa vie Raconter la vie d’Einstein
signifie bien sûr raconter comment se développa son
esprit et de quelle façon chemina sa pensée C’est aussi
essayer de dire ce que fut réellement sa vie au mi-
lieu des bouleversements formidables qui ont déchiré
le monde au cours de son existence.
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La mécanique quantique pour le grand public

David Viennot

Observatoire de Besançon, 41 bis Avenue de l’Observatoire, BP1615, 25010 Besan çon Cedex.

Le XXème siècle a vu nâıtre l’une des plus
grandes révolutions de la physique avec l’avènement
de la mécanique quantique. Cette théorie qui a
pour rôle de décrire les objets les plus petits de
la physique (molécules, atomes et particules) est á
l’heure actuelle la théorie physique la mieux vérifiée
expérimentalement. En ce début de XXIème siècle,
les avancées de la recherche en physique quantique
laissent entrevoir des applications, issues de cette
physique, qui vont révolutionner la technologie du fu-
tur. En marge de la conférence internationnale IC-
SSUR laquelle participent de nombreux chercheurs en
physique quantique, cette présentation pour le grand
public a pour but de présenter de manière ludique
les concepts fondamentaux de cette théorie centrale
en physique, ainsi que ses applications technologiques
actuelles (lasers) et futures (ordinateurs quantiques).
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