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Preface
Welcome to PQE-2009. This is the 39th annual Winter Colloquium on the Physics
of Quantum Electronics, one of the longest running conferences on laser and quantum
physics.
There are 200 talks scheduled over 4 days, including 31 plenary and 169 invited
talks, covering a wide range of physics from cold atoms to gravitational wave detection, theory and experiment, applied and less so. There are 35 posters scheduled for
our poster session.
Our setting, Snowbird, is one of the world’s premier ski resorts. Set in Little
Cottonwood Canyon in the beautiful Wasatch Mountain range, this breathtaking
landscape is here to inspire. Your afternoons are free so you can take advantage of
this setting.
No conference of this magnitude could ever be conducted without help from many
people. Without hesitation, I would like to acknowledge Prof. Marlan O. Scully,
of Texas A&M and Princeton Universities. It is Marlan’s vision that makes this
conference possible, and his insight as a scientist that guides the formation of all the
sessions.
I am extremely grateful to the efforts of a large number of session organizers, who
have invited and arranged most of the sessions. Bernhard W. Adams, Eric Akkermans, Ofir E. Alon, Thomas Becker, Alexey Belyanin, Robert W. Boyd, Howard
Brandt, Leonid Butov, Robert L. Byer, James J. Carroll, Geoffrey Duxbury, Kohzo Hakuta, Philip Hemmer, Robin Kaiser, Henry C. Kapteyn, Galina Khitrova,
Olga Kocharovskaya, Norbert Kroó, Gershon Kurizki, Jaan Laane, Margaret Murnane, Frank A. Narducci, Mark Raizen, Ernst M. Rasel, Jorge J. Rocca, Barry C.
Sanders, Wolfgang Schleich, Ferdinand Schmidt-Kaler, Alexei Sokolov, John Thomas,
and Paolo Tombesi all contributed their organizational skills to this program.
I would also like to thank the highly skilled staff at Snowbird for making the
conference run smoothly. Jim Dixon helped with booking the facility, Mike Ewing
and Craig Thomas were our lodging coordinators, and Kelly Wilkins has done all the
interfacing between us and the facilities people in the Cliff Lodge.
It is my hope that this conference is useful and interesting.
George R. Welch, Texas A&M University
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Schedule

The conference takes place on January 4-8, 2009. The program consists of three
parts: there is a reception on Sunday evening, January 4; the technical sessions are
on Monday through Thursday mornings and evenings, January 5-8; and the poster
session with dinner is on Thursday afternoon, January 8.
Event

When and Where

Reception

Sunday evening, January 4
Time: 7:00 p.m.
Room: Golden Cliff
Notes: Includes pizza and crudités buffet dinner.

Continental Breakfast

Monday-Thursday mornings, January 5-8
Time: 7:00 a.m.
Room: Ballroom 2
Notes: Includes coffee and tea, juice, and pastries.

Technical Sessions

Monday-Thursday, January 5-8
Time: 7:30 a.m. – 1:00 p.m.,
7:00 p.m. – 10:30 p.m.
Rooms: Ballrooms 1 and 2
Magpie Rooms A and B
Wasatch Room A.
Notes: The technical sessions occur morning and evening.
See the program for information about rooms for individual talks. Your afternoons are free to enjoy the
atmosphere.

Poster Session and Buffet
Dinner

Thursday evening, January 8

PQE-2009

Time: 5:00 p.m. – 7:00 p.m.
Room: Ballroom 3
Notes: Posters may be put up starting Wednesday morning, January 7. The “official” session is listed above, and
includes a buffet dinner.

1

PQE-2009

2

2

Location

All conference events are in the Cliff Lodge at Snowbird. Please refer to the diagrams
on the next page to determine the location of the various conference events.
Most events are on level B in the Cliff Lodge. For reference, this is the level with
the automobile entry-way, and the bell desk. The hotel reception desk is on level C.
Level C is directly above level B.
• Reception (Sunday evening): Golden Cliff room, Cliff Lodge level B.
• Plenary sessions: Ballrooms 1 and 2, Cliff Lodge level B.
• Breakout session 1: Ballroom 1, Cliff Lodge level B.
• Breakout sessions 2 and 3: Magpie rooms, Cliff Lodge level B.
• Breakout session 4: Wasatch A room, Cliff Lodge level C.
• Poster Session (Thursday afternoon): Ballroom 3, Cliff Lodge level B.
To reach the Snowbird Center, or other parts of Snowbird Village, it is common
to take the exit on the West end of the Cliff Lodge, and walk across the snow to
Snowbird Center. The Center is the building where the gentle “Chickadee” chair lift
terminates. It may also be possible to take a Snowbird Village shuttle to other parts
of the resort. You can ask about this at the concierge or bell desks.
A map of Snowbird Village follows the diagrams of the Cliff Lodge after this page.
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Cliff Lodge – Level B
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Cliff Lodge – Level C
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3.1

Information for Participants
Eating

The conference provides dinner on Sunday and Thursday evenings, and breakfast on
Monday through Thursday mornings. All other meals are the responsibility of the
participants.
Dinner on Sunday will be served during the reception, starting at 7:00 p.m. We
will provide a pizza buffet, with cheese plates and crudités. Soft drinks and two
alcoholic beverages per person will be free. Subsequent alcoholic beverages will be
sold for cash.
A continental breakfast of coffee and tea, pastries, and juice will be provided each
morning at 7:00 before the first plenary session. The breakfast will be in Ballroom 2.
A buffet dinner will be provided during the poster session on Thursday evening.
This will commence at 5:00 p.m. in Ballroom 3.
Many participants choose to eat lunch each day in the Atrium restaurant, on level
B of the Cliff Lodge, just outside the ballrooms. This restaurant serves a buffet lunch,
in the spectacular setting of the Cliff Lodge atrium. The other lunch possibility in
the Cliff Lodge is the Superior Snack Bar on level 3 of the Cliff Lodge, just beside
the outdoor pool. In Snowbird Center, there are several lunch possibilities, including
the Forklift restaurant, the Rendezvous cafeteria, and a fresh pizza oven. Also in
Snowbird Center is a small grocery store called General Gritts located on the lower
level.
For dinner, there are a large number of restaurants spanning the entire range from
bar food to fine dining, as well as several àpres ski possibilities. There will be a dining
guide in your hotel room, or the concierge at the Cliff Lodge level C can provide you
with one.
3.2

Entertainment

It goes without saying that one of the most common afternoon entertainments during
the conference is skiing. Many people ask if there is any discount for lift tickets for
conference attendees. Unfortunately, the answer is no — the conference does not get
any special treatment for lift tickets.
If you want more variety, you can also ski at the Alta ski resort – just a few miles
up Little Cottonwood Canyon from Snowbird. You can get a combined lift ticket,
and reach Alta via Snowbird lifts (weather permitting). Or, you can ride the UTA
bus (at Snowbird Center, or the East end of the Cliff Lodge, level 1) for free. Alta is
one of the few ski resorts in the country that does not allow snow-boarding, so plan
only to ski there.
If you stay in the Cliff Lodge, you can ski on the Chickadee lift (between the Cliff
Lodge and Snowbird Center) for free. Just tell the vendor at the lift ticket window
in the Cliff Lodge level 1 that you have a room in the Cliff Lodge and want a free
Chickadee pass.
PQE-2009
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3.3

Information for Speakers

• Please try to attend as many sessions as possible. This means staying through
Thursday evening. No one likes for their audience to be only the other speakers.
The only way the meeting can work is if all participants attend as many talks
as possible.
• Talk duration:
– Plenary talks are 30 minutes, including questions and laptop setup.
– Invited talks are 20 minutes, including questions and laptop setup.
• The meeting rooms will have LCD projectors (aka beamers) and standard overhead projectors. Computers are not provided.
• The LCD projectors (aka beamers) that are provided have standard XGA (1024x768)
interfaces. If you have a higher resolution laptop, please adjust it accordingly.
The connector is a standard VGA-style connector. If you have a Macintosh
computer that needs an adapter, please do not forget to bring it.
• If you plan to use your computer with the LCD projectors that are provided,
please learn to use your computer before your talk begins. The sessions must
proceed on time, so the time for configuring your laptop must be included in your
speaking time. The conference organizers cannot usually know how to connect
your computer for you.

PQE-2009
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3.4

Proceedings

Call for Papers
The proceedings of PQE-2009 will be published as a special issue of the Journal of
Modern Optics. The special issue will be edited by George R. Welch of Texas A&M
University and Frank A. Narducci of the Naval Air Systems Command.
All plenary and invited speakers are encouraged to submit a written version of their
PQE contribution to be published in the Conference Proceedings. (Written submissions from presenters of poster papers will be considered under special circumstances
only.) For further inquiries, please contact one of the editors.
Please note:
• These will be refereed papers published in a peer-reviewed journal. Manuscripts
will be reviewed according to normal journal procedures. These papers must
constitute original research material and cannot contain a substantial fraction
of material repeated from elsewhere. Special Issue submissions are subject to
the same rules concerning publication of original material as any other papers
submitted to any other journal.
• Because of the anticipated number of manuscripts, please do not submit if
you are not willing to review two other manuscripts.
• Manuscripts are due by February 28, 2009 (marked for the PQE special issue).
Contributions from invited speakers should be no longer than eight journal pages,
or about 4000 words less any space utilized by figures, equations, and tables. Contributions from plenary speakers should be no longer than 16 journal pages, or about
8000 words, again less the space used by figures, equations, and tables.
Here are instructions for paper submission:
• First, general information about the Journal of Modern Optics and submission
can be found at
http://www.tandf.co.uk/journals/titles/09500340.asp .
• Next, instructions for authors can be found at
http://www.tandf.co.uk/journals/authors/tmopauth.asp .
But please note that the website says that papers can be up to 8000 words long.
We need to impose a stricter page limit for the PQE special issue because of
space limitations.
• Finally, manuscripts are submitted by using the online submission system:
http://mc.manuscriptcentral.com/tmop .
• Important: You must make sure the paper is designated for the PQE special
issue. There is a box in the submision process where the author may state
whether the paper is for a special issue or a regular issue, and which special
issue it is for. In addition to this, authors may write in their cover letter that it
is intended for the PQE special issue.
PQE-2009
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Manuscripts are due by February 28, 2009 to ensure publication in the special
issue. If you need more time than this, or if you have difficulty with the online
submission system, please contact either George or Frank at the addresses below.
Editorial contacts:
George R. Welch – grw@tamu.edu
Frank A. Narducci – frank@aps.org
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Lamb Award

The Willis E. Lamb Award for Laser
Science and Quantum Optics.
The Willis E. Lamb Award for Laser Science and Quantum
Optics is presented annually at PQE for outstanding contributions to the field. The award honors Willis E. Lamb, Jr.,
famous laser scientist and 1955 winner of the Nobel Prize in
physics, who gave us many seminal insights and served as our
guide in so many areas of physics and technology.
The award is sponsored by the Physics of Quantum Electronics (PQE) conference
and presented at its Winter Colloquium in Snowbird, Utah. The award will be presented at PQE-2009 at 10:30 a.m. on Wednesday morning, January 7, 2009. The
2009 winners are:
Robert W. Boyd, The University of Rochester
For pioneering work in the nonlinear interaction of laser light with matter,
quantum imaging, and slow light.
Robert L. Byer, Stanford University
For pioneering studies of nonlinear optical effects including parametric amplification.
Norbert Kroó, Hungarian Academy of Sciences
For pioneering studies of surface plasmons and other elementary excitations.

Robert W. Boyd

Robert L. Byer

More information: http://www.lambaward.org/
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Norbert Kroó
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Program

There are three sessions each day, Monday through Thursday. Each session consists
of several plenary talks, followed by 3 or 4 parallel breakout sessions.
The first session begins at 7:30 a.m. each morning, following the continental breakfast. After the first breakout session there will be a coffee break, then the second
plenary session will begin. The second breakout session ends at 1:00 p.m. The third
plenary session starts at 7:00 p.m. each evening.
All plenary talks are in Ballrooms 1 and 2. The four breakout sessions are in
Ballroom 1, Magpie A, Magpie B, and Wasatch A. These rooms are shown on the
maps of the Cliff Lodge on page 4.
The following four pages show a block-diagram guide to the sessions, one for each
day. After that is a detailed listing of all the talks.
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5.1

Block diagrams of sessions

PQE-2009

Cliff Lodge, Snowbird, UT, USA

Monday, January 5, 2009
7:00

Continental Breakfast – Ballroom 1&2

7:25
9:10

Plenary Session 1 – Ballroom 1&2
Invited Session:
Nuclear GammaRay Superradiance

Invited Session:
Exciton condensates

Invited Session:
Quantum Process
Tomography

Ballroom 1

Magpie A

Magpie B

10:30

Coffee Break – Ballroom 2

10:50
12:00

Plenary Session 2 – Ballroom 1&2
Invited Session:
Medical and BioPhysics

Invited Session:
Quantum Mechanics
and Number Theory

Ballroom 1

Magpie A

Invited Session:
Advances in
Semiconductor
Optics
Magpie B

Invited Session:
Quantum Coherence
Effects
Wasatch A

Afternoon free
19:00
20:50

PQE-2009

Plenary Session 3 – Ballroom 1&2
Invited Session:
Quantum
Measurements,
Decoherence and
Dissipation
Ballroom 1

Invited Session:
Cold Atoms and
Solid State Physics
Magpie A
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Invited Session:
Quantum Cascade
Laser Spectroscopy:
Diagnostics to NonLinear Optics
Magpie B

Invited Session:
Novel Optics
Wasatch A
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Cliff Lodge, Snowbird, UT, USA

Tuesday, January 6, 2009
7:00

Continental Breakfast – Ballroom 1&2

7:30
9:10

Plenary Session 1 – Ballroom 1&2
Invited Session:
Novel Nonlinear
Optics

Invited Session:
Cavity Quantum
Optomechanics

Invited Session:
Attosecond Physics

Invited Session:
Quantum
Information

Ballroom 1

Magpie A

Magpie B

Wasatch A

10:10

Coffee Break – Ballroom 2

10:30
11:40

Plenary Session 2 – Ballroom 1&2
Invited Session:
Nano-Quantum
Optics

Invited Session:
Quantum Multiple
Scattering

Ballroom 1

Magpie A

Invited Session:
Attosecond
Recollision and
Gating
Magpie B

Invited Session:
Novel Optics
Wasatch A

Afternoon free
19:00
20:50

PQE-2009

Plenary Session 3 – Ballroom 1&2
Invited Session:
Interacting Fermi
Gases

Invited Session:
Superradiance

Ballroom 1

Magpie A
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Invited Session:
Advances in
Coherent Soft X-ray
Sources
Magpie B

Invited Session:
Ghost Imaging
Wasatch A
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Cliff Lodge, Snowbird, UT, USA

Wednesday, January 7, 2009
7:00

Continental Breakfast – Ballroom 1&2

7:30
9:10

Plenary Session 1 – Ballroom 1&2
Invited Session:
Surface Plasmons

Invited Session:
Slow Light

Invited Session:
Laser Acceleration

Ballroom 1

Magpie A

Magpie B

10:10

Coffee Break – Ballroom 2

10:30

Presentation of the
Willis E. Lamb Award for Laser Science and Quantum Optics
Ballroom 1&2

11:00
11:40

Plenary Session 2 – Ballroom 1&2
Invited Session:
Surface Plasmons

Invited Session:
Slow Light

Invited Session:
Ultra-cold Dynamics

Ballroom 1

Magpie A

Magpie B

Invited Session:
Raman Route to
Attoseconds
Wasatch A

Afternoon free
19:00
20:50

Plenary Session 3 – Ballroom 1&2
Invited Session:
Nonperiodic
Nanophotonics
Ballroom 1

PQE-2009

Invited Session:
Quantum
Information
Processing
Magpie A
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Invited Session:
Condensate Physics

Invited Session:
Raman
Spectroscopy

Magpie B

Wasatch A
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Cliff Lodge, Snowbird, UT, USA

Thursday, January 8, 2009
7:00

Continental Breakfast – Ballroom 1&2

7:30
9:10

Plenary Session 1 – Ballroom 1&2
Invited Session:
Optical Lattices
Ballroom 1

10:30

Invited Session:
Quantum Coherence
Effects
Magpie B

Invited Session:
Novel Optics
Wasatch A

Coffee Break – Ballroom 2

10:50
12:00

Invited Session:
Measurement,
Cooling, and
Maxwell’s Demon
Magpie A

Plenary Session 2 – Ballroom 1&2
Invited Session:
Novel Nonlinear
Optics
Ballroom 1

Invited Session:
Measurements with
cold atoms
Magpie A

Invited Session:
Quantum Coherence
Effects
Magpie B

Invited Session:
Novel Optics
Wasatch A

Afternoon free
17:00

Poster Session and Buffet Dinner – Ballroom 2&3

19:00
20:50

PQE-2009

Plenary Session 3 – Ballroom 1&2
Invited Session:
Challenges in
Imaging

Invited Session:
Gravity and
Relativity

Ballroom 1

Magpie A
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Invited Session:
Quantum Nucleonics
and Atomic-Nuclear
Interactions
Magpie B

Invited Session:
Atom-Photon
Interactions
Wasatch A

Numbers in brackets refer to the page number of the abstract

5.2

List of all sessions in detail

Monday, January 5 2009
Monday Morning Plenary Session 1
Location: Ballroom 1 and 2 — George R. Welch, Chair

7:25 George R. Welch, Texas A&M University, “Welcoming Remarks” [ 266 ]
7:30 Bernhard W. Adams, Argonne National Laboratory, “Nuclear Gamma-Ray Superradiance” [ 56 ]
8:00 Leonid Butov, University of California at San Diego, “Indirect Excitons” [ 78 ]
8:30 Barry C. Sanders, University of Calgary, “Complete Characterization of QuantumOptical Processes” [ 229 ]

Monday Morning Invited Session 1
Breakout Session 1: Nuclear Gamma-Ray Superradiance.
Location: Ballroom 1 — Bernhard W. Adams, Chair

9:10 Ralf Röhlsberger, Deutsches Elektronen Synchrotron DESY, “Directional Emission of
X-rays from Rotating Matter: The Nuclear Lighthouse Effect” [ 226 ]
9:30 Yuri Shvyd’ko, Argonne National Laboratory, “X-Ray Free Electron Laser Oscillator: a
Future Fully Coherent X-ray Source” [ 242 ]
9:50 Jun-Tao Chang, Texas A&M University, “Cooperative Spontaneous Emission of N atoms:
many-body eigenstates and their decay” [ 86 ]
10:10 Eyob A. Sete, Texas A&M University, “The Lamb Shift in Single photon Dicke Superradiance” [ 237 ]

Breakout Session 2: Exciton Condensates.

Location: Magpie A — Leonid Butov, Chair

9:10 Aron Pinczuk, Columbia University, “Quantum Hall States seen as Quantum Liquids”
[ 208 ]
9:30 Tomoyuki Horikiri, National Institute of Informatics, Japan and Stanford University,
“Second order coherence of exciton-polariton condensates” [ 130 ]
9:50 Rafi Bistritzer, University of Texas at Austin, “High Tc superfluidity in bilayer graphene”
[ 72 ]
10:10 Michael P. Lilly, Sandia National Laboratories, Coulomb drag in the exciton regime in
electron-hole bilayers” [ 170 ]
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Numbers in brackets refer to the page number of the abstract

Breakout Session 3: Quantum Process Tomography.
Location: Magpie B — Barry C. Sanders, Chair

9:10 Masoud Mohseni, Harvard University, “Correlation-enhanced quantum process tomography” [ 186 ]
9:30 Krister Shalm, University of Toronto, “The Symmetry of Spin-Squeezing: Quantum State
Tomography on a Sphere” [ 240 ]
9:50 Alexander Lvovsky, University of Calgary, “Process tomography of quantum-optical
memory” [ 174 ]
10:10 Martin Plenio, Imperial College London, “Measuring Measurement and Quantitative Entanglement Verification” [ 209 ]

Monday Morning Plenary Session 2
Location: Ballroom 1 and 2 — Alexey Belyanin, Chair

10:50 Xiaoliang Sunney Xie, Harvard University, “Single Molecule and Nonlinear Raman Microscopy for Biology and Medicine” [ 272 ]
11:20 Weng W. Chow, Sandia National Laboratories, “Update on our understanding of
semiconductor-laser gain: from quantum well to quantum dots” [ 90 ]

Monday Morning Invited Session 2
Breakout Session 1: Medical and Bio-Physics.

Location: Ballroom 1 — Xiaoliang Sunney Xie, Chair
12:00 Szymon Suckewer, Princeton University, “Flapless FemtosecLASIK” [ 254 ]
12:20 Markus Pollnau, University of Twente, “Monitoring of DNA molecules in a lab on a chip
with femtosecond laser written waveguides” [ 213 ]
12:40 George R. Welch, Texas A&M University, “CARS and FAST-CARS detection of biological molecules such as glucose and cholesterol” [ 266 ]

Breakout Session 2: Quantum Mechanics and Number Theory.

Location: Magpie A — Anatoly Svidzinsky, Chair

12:00 Vincenzo Tamma, University of Maryland, Baltimore County, “Exponential Sums Algorithm based on Optical Interference: Factorization of arbitrary large numbers in a single
run” [ 258 ]
12:20 Mark Sadgrove, CREST project, Japan Science and Technology Agency, “Computing
exponential sums with a Bose-Einstein condensate” [ 227 ]
12:40 Elmar Haller, Experimental Physik University of Innsbruck, “From an ideal gas to the
super-Tonks-Girardeau regime with tunable interactions” [ 119 ]
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Numbers in brackets refer to the page number of the abstract

Breakout Session 3: Advances in Semiconductor Optics.
Location: Magpie B — Weng W. Chow, Chair

12:00 Alexey Belyanin, Texas A&M University, “Terahertz studies of collective excitations and
microscopic physics in semiconductor magneto-plasmas” [ 70 ]
12:20 Jacob Khurgin, Johns Hopkins University, “Interface roughness and ionized impurity
broadening -is it homogeneous or not?” [ 151 ]
12:40 Nikolai Stelmakh, University of Texas at Arlington, “Lateral mode structure of wide-ridge
Quantum Cascade lasers” [ 250 ]

Breakout Session 4: Quantum Coherence Effects.

Location: Wasatch A — Dmitry Budker, Chair

12:00 Olga Kocharovskaya, Texas A&M University, “Quantum coherence effects in solids: New
applications” [ 155 ]
12:20 Holger Schmidt, University of California at Santa Cruz, “Atomic spectroscopy and quantum interference on a chip” [ 234 ]
12:40 Ben Varcoe, University of Leeds, “Precision Test of Lorentz Invariance using EIT” [ 263 ]

Monday Evening Plenary Session
Location: Ballroom 1 and 2 — Ian Osborne, Chair

19:00 Gershon Kurizki, Weizmann Institute of Science, “Ultrafast Cooling of Quantum Bits
Within the Bath Memory” [ 160 ]
19:30 Ferdinand Schmidt-Kaler, Universität Ulm, “A deterministic single ion source for nmspatial deterministic doping of solid state devices” [ 235 ]
20:00 Geoffrey Duxbury, University of Strathclyde, Glasgow, “Quantum cascade laser spectroscopy: Diagnostics to non-linear optics” [ 97 ]

Monday Evening Invited Session
Breakout Session 1: Quantum Measurements, Decoherence and Dissipation.

Location: Ballroom 1 — Gershon Kurizki, Chair

20:50 Howard Carmichael, University of Auckland, “Quantum teleportation of the temporal
correlations of light: squeezing and bandwidth requirements” [ 82 ]
21:10 Hans J. Briegel, University of Innsbruck, “Entanglement in biological systems? - A
quantum thermodynamic perspective”
21:30 Niels Kjaergaard, Niels Bohr Institute, “Squeezing of Atomic Quantum Projection Noise”
[ 154 ]
21:50 Nir Bar-Gill, Weizmann Institute of Science, “Dynamic Decoherence Control in BEC
Setups” [ 67 ]
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Numbers in brackets refer to the page number of the abstract

Breakout Session 2: Cold Atoms and Solid State Physics.
Location: Magpie A — Ferdinand Schmidt-Kaler, Chair

20:50 Fedor Jelezko, University of Stuttgart, “Manipulating single electron and nuclear spin in
diamond” [ 136 ]
21:10 József Fortágh, University of Tübingen, “Meissner effect in superconducting microtraps”
[ 104 ]
21:30 Björn Butscher, University of Stuttgart, “Observation of ultra-long-range Rydberg
molecules” [ 79 ]
21:50 Hans Peter Büchler, University of Stuttgart, “Quantum critical behavior in strongly
interacting Rydberg gases” [ 81 ]

Breakout Session 3: Quantum Cascade Laser Spectroscopy: Diagnostics to NonLinear Optics.
Location: Magpie B — Geoffrey Duxbury, Chair

20:50 Damien Weidmann, STFC Rutherford Appleton Laboratory, “Broadband laser heterodyne spectroscopy using an external cavity quantum cascade laser” [ 265 ]
21:10 Grant Ritchie, University of Oxford, “Applications of quantum cascade lasers in chemical
kinetics and dynamics” [ 222 ]
21:30 Rainer Martini, Stevens Institute of Technology, “High speed all-optical modulation of a
Quantum Cascade Laser”
21:50 James F. Kelly, DOE; Pacific Northwest National Laboratory, “Empirical studies of swept
gain effects in molecular lambda transitions” [ 148 ]

Breakout Session 4: Novel Optics.

Location: Wasatch A — Vitaly Kocharovsky, Chair
20:50 Chan Joshi, UCLA, “Laser-Plasma Accelerators for Generating Directional X-ray beams”
[ 138 ]
21:10 Leon Cohen, City University of New York (Hunter College), “A phase space approach to
scattering”
21:30 Patrick Loughlin, University of Pittsburgh, “Local phase space moments of a pulse propagating with dispersion and damping” [ 173 ]
21:50 M. Howard Lee, University of Georgia, “Ergodicity and Chaos in a system of harmonic
oscillators” [ 167 ]
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Tuesday, January 6 2009
Tuesday Morning Plenary Session 1
Location: Ballroom 1 and 2 — Virgil Sanders, Chair

7:30 Marlan O. Scully, Texas A&M and Princeton University, “The Lamb Shift Yesterday,
Today, and Tomorrow” [ 236 ]
8:00 Paolo Tombesi, University of Camerino, Italy, “Cooling and Entanglement in Cavity
Optomechanics” [ 261 ]
8:30 Henry C. Kapteyn, JILA – University of Colorado at Boulder, “Ultrafast Tabletop
Diffractive Microscopy and Nanothermal Imaging using Coherent High Harmonic Beams”
[ 143 ]

Tuesday Morning Invited Session 1
Breakout Session 1: Novel Nonlinear Optics.
Location: Ballroom 1

9:10 Shaul Mukamel, University of California at Irvine, “Nonlinear Spectroscopy with Entangled Photons; Manipulating Quantum Pathways of Matter” [ 190 ]
9:30 Kevin K. Lehmann, University of Virginia, “Cavity Enhanced Absorption Spectroscopy
with a Supercontinuum Source”
9:50 Yuri Rostovtsev, Texas A&M University, “Atomic coherence excited by off-resonant
strong laser pulses: theory and experiment and the role of absolute phase” [ 224 ]

Breakout Session 2: Cavity Quantum Optomechanics.
Location: Magpie A — Paolo Tombesi, Chair

9:10 Jack Harris, Yale University, “Improved ‘position squared’ readout of a mechanical oscillator using degenerate cavity modes” [ 121 ]
9:30 Markus Aspelmeyer, IQOQI, Austrian Academy of Sciences, “Laser-Cooling of Micromechanical Resonators in a Cryogenic Cavity” [ 64 ]
9:50 Antoine Heidmann, Laboratoire Kastler Brossel, CNRS, “Optomechanical correlations
between light and mirrors” [ 126 ]

Breakout Session 3: Attosecond Physics.

Location: Magpie B — Henry C. Kapteyn, Chair
9:10 John Miao, University of California at Los Angeles, “Lensless Diffraction Microscopy:
Seeing the Invisible with Computational Algorithms” [ 181 ]
9:30 Carmen Menoni, Colorado State University, “Nanometer scale imaging with extreme
ultraviolet lasers” [ 178 ]
9:50 Alexander A. Zholents, Lawrence Berkeley National Laboratory, “Array of free electron
lasers for science with soft x-rays”

PQE-2009

22

Numbers in brackets refer to the page number of the abstract

Breakout Session 4: Novel Optics.
Location: Wasatch A

9:10 Aaron Leanhardt, University of Michigan, “An Electron Electric Dipole Moment Search
in the 3∆1 Ground State of Tungsten Carbide Molecules” [ 165 ]
9:30 Anatoliy Savchenkov, OEwaves Inc., “Low repetition rate all-optical frequency comb”
[ 232 ]
9:50 Eugeniy Mikhailov, The College of William & Mary, “Low-frequency vacuum squeezing
in Rb vapor” [ 183 ]

Tuesday Morning Plenary Session 2
Location: Ballroom 1 and 2 — Edward S. Fry, Chair

10:30 Kohzo Hakuta, University of Electro- Communications, Japan, “Manipulating Atoms and
Photons Using Optical Nanofibers” [ 118 ]
11:00 Robin Kaiser, INLN, CNRS, UNSA, “Quantum Multiple Scattering” [ 139 ]

Tuesday Morning Invited Session 2
Breakout Session 1: Nano-Quantum Optics.
Location: Ballroom 1 — Kohzo Hakuta, Chair

11:40 Dieter Meschede, Unversity of Bonn, “Controlling neutral atoms for quantum information
processing in a 1D optical lattice” [ 179 ]
12:00 Misha Sumetsky, OFS Labs, “Optical microcoil resonator” [ 255 ]
12:20 Takao Aoki, California Institute of Technology, “Strong coupling between one atom and a
microtoroidal resonator” [ 60 ]
12:40 Michal Bajcsy, Harvard University, “All-optical switch inside a hollow-core photoniccrystal fiber” [ 65 ]

Breakout Session 2: Quantum Multiple Scattering.

Location: Magpie A — Robin Kaiser, Chair

11:40 Mark Havey, Old Dominion University, “Near-resonance light scattering in high density
and ultracold 87Rb” [ 123 ]
12:00 Thomas F. Gallagher, University of Virginia, “Superradiance in the Frozen Rydberg
Gas” [ 107 ]
12:20 Sebastian Slama, University of Tübingen, Germany, “Collective light scattering from
ultracold atoms in optical cavities” [ 245 ]
12:40 John Page, University of Manitoba, “Localization of ultrasonic waves in a threedimensional elastic network” [ 204 ]
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Breakout Session 3: Attosecond Recollision and Gating.
Location: Magpie B — Alexei Sokolov, Chair

11:40 Ladan Arissian, Texas A&M University, “Intracavity phase measurement, sensor based
on carrier to envelope frequency (CEO)”
12:00 Eugene Frumker, Texas A&M University, “Two-dimensional phase-only spatial light modulators for dynamic phase and amplitude pulse shaping”
12:20 Carlos Trallero, National Research Council, Canada, “Multiphoton transitions in the
strong field limit: From atoms to molecules” [ 262 ]
12:40 David Grojo, National Research Council, Canada, “Multiphoton Ionization and Nanoscale
Modifications inside Transparent Solids” [ 117 ]

Breakout Session 4: Quantum Information.

Location: Wasatch A — Philip Hemmer, Chair

11:40 Margaret Reid, Swinburne University of Technology, “EPR, Steering and Bell inequalities” [ 220 ]
12:00 Hannes Hübel, University of Vienna, “Entanglement based Quantum Cryptography:
From intra city links to inter island quantum communication” [ 134 ]
12:20 Michael Mehring, Universität Stuttgart, “Phase Control of Quantum States” [ 177 ]
12:40 Edward S. Fry, Texas A&M University, “Do Experimental Violations of Bell Inequalities
Imply a Non-Local Interpretation of Quantum Mechanics?” [ 106 ]

Tuesday Evening Plenary Session

Location: Ballroom 1 and 2 — Margaret Murnane, Chair
19:00 John Thomas, Duke University, “Fermi Gases with Tunable Interactions” [ 260 ]
19:30 Eric Akkermans, Yale university and Technion-Israel, “Dicke superradiance and Anderson
localization of photons” [ 58 ]
20:00 Jorge J. Rocca, Colorado State University, “Phase-coherent injection-seeded soft x-ray
lasers” [ 223 ]

Tuesday Evening Invited Session
Breakout Session 1: Interacting Fermi Gases.

Location: Ballroom 1 — John Thomas, Chair

20:50 Aurel Bulgac, University of Washington, “The incredible many facets of a unitary Fermi
gas” [ 77 ]
21:10 Peter D. Drummond, Swinburne University of Technology, “Theory of strongly interacting Fermi gases” [ 96 ]
21:30 Ken O’Hara, The Pennsylvania State University, “Experiments with an ultracold threecomponent Fermi gas” [ 199 ]
21:50 Cheng Chin, University of Chicago, “Novel Quantum Phases and Scalable Quantum Control of Two Atomic Species in Optical Lattices” [ 88 ]
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Breakout Session 2: Superradiance.

Location: Magpie A — Eric Akkermans, Chair
20:50 Eugene M. Chudnovsky, CUNY Lehman College and Graduate Center, “Cooperative
Effects and Possibility of Superradiance in Crystals of Molecular Magnets” [ 91 ]
21:10 Anatoly Svidzinsky, Texas A&M University, “Cooperative spontaneous emission of N
atoms: effect of virtual photons and classical analogy with N harmonic oscillators” [ 256 ]
21:30 Matthew Hastings, Los Alamos National Laboratory, “Synchronization and Dephasing of
Many-Body States” [ 122 ]
21:50 Karyn Le Hur, Yale University, “Entanglement and Decoherence of Two level Systems in
a Boson bath: A unified Approach for solid-state devices, cold atomic systems, and photons”
[ 164 ]

Breakout Session 3: Advances in Coherent Soft X-ray Sources.
Location: Magpie B — Jorge J. Rocca, Chair

20:50 Margaret Murnane, JILA – University of Colorado at Boulder, “Observing the Coupled
Motions of Electrons and Atoms in Polyatomic Molecules” [ 191 ]
21:10 Matthew Zepf, Queen’s University Belfast, “High harmonics from relativistically oscillating plasma surfaces – a high brightness attosecond source at keV photon energies” [ 278 ]
21:30 Anne Sakdinawat, University of California, Berkeley, “X-ray Imaging with Specialized
Diffractive Optics” [ 228 ]
21:50 John Arthur, SLAC, “Startup of the LCLS Free Electron Laser and plans for soft X-ray
science in 2009” [ 63 ]

Breakout Session 4: Ghost Imaging.

Location: Wasatch A — Jon P. Davis, Chair
20:50 Yan Hua Shih, University of Maryland at Baltimore County, “Thermal ghost imaging:
What is quantum? What is classical?” [ 241 ]
21:10 Baris I. Erkmen, NASA Jet Propulsion Laboratory, “Unified theory of classical and quantum ghost imaging” [ 68 ]
21:30 Shi-Yao Zhu, Hong Kong Baptist University, “Hanbury Brown-Twiss effect and thermal
light ghost imaging” [ 280 ]
21:50 Ronald Meyers, Army Research Laboratory, “Thermal Ghost Imaging Experiments” [ 180 ]
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Wednesday, January 7 2009
Wednesday Morning Plenary Session 1
Location: Ballroom 1 and 2 — Yan Hua Shih, Chair

7:30 Norbert Kroó, Hungarian Academy of Sciences, “Nonlinear plasmonics and some applications” [ 158 ]
8:00 Robert W. Boyd, University of Rochester, “Slow and Fast Light: Fundamentals and
Applications” [ 73 ]
8:30 Robert L. Byer, Stanford University, “Laser Compression and Acceleration of Electrons”
[ 80 ]

Wednesday Morning Invited Session 1
Breakout Session 1: Surface Plasmons.

Location: Ballroom 1 — Norbert Kroó, Chair
9:10 Anatoly Zayats, The Queen’s University of Belfast, “Controlling Surface Plasmons on
Nanostructured Surfaces” [ 277 ]
9:30 Francesco Intravaia, Universität Potsdam, Surface Plasmons and the Casimir Effect”
[ 135 ]
9:50 Peter Dombi, Hungarian Research Inst. for Solid-State Physics and Optics, “Surface
Plasmon Enhanced Electron Acceleration with Few-Cycle Laser Pulses” [ 95 ]

Breakout Session 2: Slow Light.

Location: Magpie A — Robert W. Boyd, Chair
9:10 John Howell, University of Rochester, “Applications of Slow And Stopped Light” [ 131 ]
9:30 Daniel J. Gauthier, Duke University, “Room-Temperature Spectral Hole Burning via
SBS” [ 109 ]
9:50 Irina Novikova, The College of William & Mary, “Optimal control of light pulse storage
and retrieval in atomic vapor” [ 197 ]

Breakout Session 3: Laser Acceleration.
Location: Magpie B — Robert L. Byer, Chair

9:10 Ronald D. Ruth, Lyncean Technologies, Inc. and SLAC, “Accelerator-Laser Compton
X-rays for medical applications” [ 225 ]
9:30 Eric R. Colby, SLAC National Accelerator Laboratory, “The E-163 Advanced Accelerator
Research Program at SLAC” [ 92 ]
9:50 Christopher McGuinness, Stanford University, “Accelerating Electrons with Lasers and
Photonic Crystals” [ 176 ]
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Wednesday Morning Plenary Session 2
Location: Ballroom 1 and 2 — Marlan O. Scully, Chair

10:30 Lamb Award, “The presentation of the 2009 Willis E. Lamb Award for Laser Science and
Quantum Optics”
11:00 Dan Stamper-Kurn, University of California at Berkeley, “Magnetic phases of a dipolar
spin-1 quantum gas” [ 248 ]

Wednesday Morning Invited Session 2
Breakout Session 1: Surface Plasmons.

Location: Ballroom 1 — Norbert Kroó, Chair
11:40 Miklos Lenner, Hungarian Research Inst. for Solid-State Physics and Optics, “Nonlinear
STM Plasmonics” [ 169 ]
12:00 Abdulhakem Y. Elezzabi, University of Alberta, “Spinplasmonics: Controlling Plasmon
Propagation via Electron Spin” [ 99 ]
12:20 Viktor A. Podolskiy, Oregon State University, “Eliminating Losses and Out-of-Plane
Scattering of Surface Plasmon Polaritons with Active Metamaterials” [ 211 ]
12:40 Sergey Saunin, AIST-NT Inc., “SPM+Raman - Integrated Solution for Modern Photonics
and Plasmonics” [ 231 ]

Breakout Session 2: Slow Light.

Location: Magpie A — Daniel J. Gauthier, Chair
11:40 David A. B. Miller, Stanford University, “Limits to Dispersive and Slow Light Optical
Devices” [ 185 ]
12:00 Herbert G. Winful, University of Michigan, “Tunneling time in photonic structures”
[ 267 ]
12:20 Deniz Yavuz, University of Wisconsin at Madison, “Refractive index enhancement with
vanishing absorption in an atomic vapor” [ 276 ]
12:40 Michelle Povinelli, University of Southern California, “Trapping Light in Optical Microcavities via Dynamic Tuning” [ 214 ]

Breakout Session 3: Ultra-cold Dynamics.

Location: Magpie B — Dan Stamper-Kurn, Chair
11:40 Han Pu, Rice University, Dynamics of vector solitons in two-species atomic condensate”
[ 216 ]
12:00 Peter Schmelcher, University of Heidelberg, “Correlated Tunneling and Interferences in
Strongly Interacting Low-Dimensional Bosonic Systems” [ 233 ]
12:20 Lincoln Carr, Colorado School of Mines, “Many Body Entangled Quantum Dynamics of
Ultracold Molecules” [ 83 ]
12:40 Hui-Chun Chien, Stanford University, “Observation of the Superfluid Deconfinement
Crossover From 2D Berezinskii-Kosterlitz-Thouless Layers to a 3D Anisotropic Superfluid”
[ 87 ]
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Breakout Session 4: Raman Route to Attoseconds.
Location: Wasatch A — Ladan Arissian, Chair

11:40 Alexei Sokolov, Texas A&M University, “Novel Light Sources Utilizing Maximal Quantum
Coherence in Molecular Gasses and Solids” [ 246 ]
12:00 Masayuki Katsuragawa, “Octave-spanning Raman comb stabilized to an optical frequency standard” [ 147 ]
12:20 Andy Kung, Academia Sinica, Taiwan, “Controlling the carrier-envelope phase of Raman
generated single-cycle pulses” [ 159 ]
12:40 Fetah Benabid, University of Bath, “What Hollow-Core Photonic Crystal Fiber brought
to Coherent Stimulated Raman Scattering” [ 71 ]

Wednesday Evening Plenary Session

Location: Ballroom 1 and 2 — Vladislav V. Yakovlev, Chair
19:00 Galina Khitrova, University of Arizona, “Nonperiodic Nanophotonics” [ 150 ]
19:30 Alan Migdall, NIST Gaithersburg, “Fiber-Based Entangled Photon Source Progress and
Applications (a 2500 year history)” [ 182 ]
20:00 Hiro-o Hamaguchi, The University of Tokyo, “Can Raman spectroscopy measure and
quantify life?” [ 120 ]

Wednesday Evening Invited Session
Breakout Session 1: Nonperiodic Nanophotonics.

Location: Ballroom 1 — Galina Khitrova, Chair

20:50 Alexandra Ledermann, Institute of Nanotechnology, Forschungszentrum Karlsruhe, “Optical properties of three-dimensional photonic quasicrystals and their periodic approximants”
[ 166 ]
21:10 Joshua R. Hendrickson, The University of Arizona, “Exciton Polaritons in 1D Fibonacci
Quasicrystals” [ 128 ]
21:30 Dagmar Gerthsen, University of Karlsruhe, “Transmission Electron Microscopy of Nonperiodic InGaAs/GaAs Quantum Well Structures” [ 111 ]
21:50 Alexander N. Poddubny, Ioffe Physical-Technical Institute of the RAS, “Theory of Light
Coupled Exciton Polaritons in Nonperiodic Quantum Wells” [ 210 ]

Breakout Session 2: Quantum Information Processing.

Location: Magpie A — Alan Migdall, Chair

20:50 Alexander Korotkov, University of California at Riverside, “Quantum uncollapsing: theory and experiment” [ 157 ]
21:10 John M. Myers, Harvard University, “Contingent choice of states to simplify a quantum
decision problem of light detection” [ 192 ]
21:30 Patrick Rebentrost, Harvard University, “The role of quantum coherence in excitonic
energy transfer in photosynthetic complexes” [ 219 ]
21:50 Howard Brandt, U.S. Army Research Laboratory, “Quantum computational geodesics”
[ 74 ]
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Breakout Session 3: Condensate Physics.
Location: Magpie B — Mark Havey, Chair

20:50 Vitaly Kocharovsky, Texas A&M University, “Mesoscopic BEC phase transition” [ 156 ]
21:10 Randall G. Hulet, Rice University, “Exploring transport of a weakly-interacting BEC in
a random potential” [ 133 ]
21:30 Moochan Kim, Texas A&M University, “Condensation and Fluctuation for the weakly
interacting N-Boson System” [ 153 ]
21:50 Ron Folman, Ben-Gurion University, Israel, “Atomchips: where material engineering
meets atom optics” [ 103 ]

Breakout Session 4: Raman Spectroscopy.

Location: Wasatch A — Hiro-o Hamaguchi, Chair
20:50 George J. Thomas, University of Missouri - Kansas City, “Mechanisms of Virus Assembly
Probed by Raman Spectroscopy” [ 259 ]
21:10 Jaan Laane, Texas A&M University, “Spectroscopic investigations and potential functions
for pyridine and 1,3-butadiene in ground and excited electronic states” [ 161 ]
21:30 Lawrence Ziegler, Boston University, “Barcoding bacteria by surface enhanced Raman
microscopy: rapid pathogen detection at the single cell level” [ 282 ]
21:50 Vladislav V. Yakovlev, University of Wisconsin at Milwaukee, “Stimulated Raman scattering: old physics, new applications” [ 274 ]

Thursday, January 8 2009
Thursday Morning Plenary Session 1
Location: Ballroom 1 and 2 — Eric Mazur, Chair

7:30 Ofir E. Alon, Heidelberg University, “Quantum Dynamics of Attractive Bose Gases” [ 59 ]
8:00 Mark Raizen, University of Texas at Austin, “Maxwell’s Demon near Maximal Efficiency”
[ 217 ]
8:30 Pierre Pillet, Laboratoire Aimé Cotton, CNRS, Univ Paris-Sud, “Broaband laser for detection and cooling of molecules.” [ 207 ]
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Thursday Morning Invited Session 1
Breakout Session 1: Optical Lattices.

Location: Ballroom 1 — Ofir E. Alon, Chair
9:10 Ian Spielman, NIST, Gaithersburg, “Realization of the Bose-Hubbard model in nonstandard lattice potentials: tools, experiments, and a simple model” [ 247 ]
9:30 Congjun Wu, University of California at San Diego, “Novel quantum phases in orbital
systems with cold atom optical lattices” [ 268 ]
9:50 W. Vincent Liu, University of Pittsburgh, “Crystalline superfluidity of cold atoms in
lattice p-bands” [ 172 ]
10:10 Nimrod Moiseyev, Technion, Israel, “Photo induced conical intersections in molecular
optical lattices: the phenomenon and its consequence” [ 187 ]

Breakout Session 2: Measurement, Cooling, and Maxwell’s Demon.

Location: Magpie A — Mark Raizen, Chair

9:10 Daniel Steck, University of Oregon, “All-Optical One-Way Barrier for Alkali Atoms” [ 249 ]
9:30 Irfan Siddiqi, University of California at Berkeley, “Non-linear Dispersive Measurement
with Superconducting Circuits” [ 243 ]
9:50 Nathaniel J. Fisch, Princeton University Plasma Physics Laboratory, “Cooling Particles
with Waves: from 10ˆ6 eV to 10ˆ5 eV or from 10ˆ-8 eV to 10ˆ-9 eV” [ 101 ]
10:10 Zoe-Elizabeth Sariyanni, JILA / University of Colorado at Boulder, “Exorcizing
Maxwell’s Demon via Quantum Mechanics” [ 230 ]

Breakout Session 3: Quantum Coherence Effects.

Location: Magpie B — Pierre Pillet, Chair

9:10 Dmitry Budker, University of California at Berkeley, “The joy and utility of high-order
atomic and nuclear polarization moments” [ 76 ]
9:30 Chris O’Brien, Texas A&M University, “Coherent Enhancement of Refractive Index in
Solids using Excited State Absorption” [ 198 ]
9:50 Philippe Goldner, Ecole Nationale Supérieure de Chimie, “Rare earth doped crystals for
quantum memories” [ 113 ]
10:10 John J. L. Morton, University of Oxford, “Solid state quantum memory using nuclear
spins” [ 189 ]

Breakout Session 4: Novel Optics.

Location: Wasatch A — Robert Nevels, Chair
9:10 Kent D. Choquette, University of Illinois, “Decimated Cavity Photonic Crystal Membrane Laser” [ 89 ]
9:30 V. Ara Apkarian, University of California at Irvine, “Nonlocal mechanics, environment
induced coherence, and decoherence free states of an oscillator strongly coupled to the bath”
[ 61 ]
9:50 Eric Mazur, Harvard University, “Black Silicon”
10:10 Koryun Oganesyan, Yerevan Physics Institute, Armenia, “Detection of Casimir Photons
with Electrons” [ 200 ]

PQE-2009

30

Numbers in brackets refer to the page number of the abstract

Thursday Morning Plenary Session 2
Location: Ballroom 1 and 2 — Selim Shahriar, Chair

10:50 Martin Richardson, Townes Institute, College of Optics, UCF, “Playing with plasmas”
11:20 Frank A. Narducci, Naval Air Systems Command, “Useful Diagnostics in the construction
of a Gradient Magnetometer Atom Interferometer” [ 194 ]

Thursday Morning Invited Session 2
Breakout Session 1: Novel Nonlinear Optics.
Location: Ballroom 1 — Martin Richardson, Chair

12:00 Jason Fleischer, Princeton University, “Nonlinear Self-Filtering via Dynamical Stochastic
Resonance”
12:20 Alberto M. Marino, NIST, “Entangled Images from Four-Wave Mixing” [ 175 ]
12:40 Douglas Stone, Yale University, “Ab Initio Theory of Novel Micro and Nano Lasers”
[ 252 ]

Breakout Session 2: Measurements With Cold Atoms.

Location: Magpie A — Frank A. Narducci, Chair

12:00 Fredrik Fatemi, Naval Research Laboratory, “Imaging magnetic fields using stimulated
Raman transitions in a cold atom cloud” [ 100 ]
12:20 Anthony Miller, Stanford University, “Magnetometry with Cold Atomic Ensembles”
12:40 Andy Geraci, NIST, “Cold atoms coupled to a magnetic micro-cantilever” [ 110 ]

Breakout Session 3: Quantum Coherence Effects.
Location: Magpie B — Olga Kocharovskaya, Chair

12:00 Selim Shahriar, Northwestern University, “Putting Superluminosity to Work: From Data
Buffering to Ultraprecise Magnetometry” [ 239 ]
12:20 Yifu Zhu, Florida International University, “Atomic coherence and interference in a coupled atom-cavity system” [ 281 ]
12:40 Dmitry Strekalov, JPL/Caltech, “Optical combs via cascaded four-wave mixing in a
bichromatically pumped whispering gallery mode resonator” [ 253 ]

Breakout Session 4: Novel Optics.
Location: Wasatch A

12:00 Andrii Sizhuk, Texas A&M University, “Fluctuations of Particle Number in Twocomponent Interacting Bose-Einstein Condensate” [ 244 ]
12:20 Rina Kanamoto, Ochanomizu University, Japan, “Quantum phase transition, symmetry
breaking, and entanglement in one-dimensional Bose gas” [ 142 ]
12:40 Sabine Wölk, Universität Ulm, “Factorization with Gauss sums” [ 270 ]
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Thursday Evening Plenary Session
Location: Ballroom 1 and 2 — James J. Carroll, Chair

19:00 Andreas Volkmer, Universität Stuttgart, “Coherent Raman microscopy: Exploring the
chemical and physical structure of individual biopolymers, living cells, and tissue” [ 264 ]
19:30 Ernst M. Rasel, Leibniz Universität Hannover, “Bose-Einstein condensates in extended
free fall” [ 218 ]
20:00 Thomas Becker, Max Planck Institute for Quantum Optics, “Cavity QED and Spectroscopy with Rydberg Atoms” [ 69 ]

Thursday Evening Invited Session
Breakout Session 1: Challenges in Imaging.

Location: Ballroom 1 — Andreas Volkmer, Chair

20:50 Gopalakrishnan Balasubramanian, Universität Stuttgart, “Super-resolution imaging using single spins in diamond” [ 66 ]
21:10 Keith Kastella, SRI International, “Selective detection of entangled photons”
21:30 Philip Hemmer, Texas A&M University, “Practical limits to sub-wavelength imaging”
[ 127 ]
21:50 Alexander A. Govyadinov, University of Pennsylvania, “Phaseless 3D Optical Tomography with Subwavelength Resolution” [ 115 ]

Breakout Session 2: Gravity and Relativity.

Location: Magpie A — Ernst M. Rasel, Chair

20:50 Jason Hogan, Stanford University, “Precision gravimetry and test of the Equivalence
Principle with a 10-meter atomic fountain” [ 129 ]
21:10 Arnaud Landragin, SYRTE-Observatoire de Paris, “Inertial sensors with cold atoms”
[ 162 ]
21:30 Pacôme Delva, ESA/ACT, “Atom interferometric detection of gravitational waves on
ground and in space” [ 94 ]
21:50 Holger Müller, University of California at Berkeley, “Large area atom interferometry”
[ 193 ]

Breakout Session 3: Quantum Nucleonics and Atomic-Nuclear Interactions.
Location: Magpie B — Jonathan Wurtele, Chair

20:50 James J. Carroll, Youngstown State University, “Search for induced depletion of nuclear
isomers” [ 85 ]
21:10 Marc Litz, U.S. Army Research Lab, “Potential of electron-beam ionization for accelerated
decay of radioisotopes” [ 171 ]
21:30 Nino R. Pereira, Ecopulse, “Cost Estimates for Power or Energy from Nuclear Isomers”
[ 206 ]
21:50 Adriana Palffy, Max Planck Institute, Heidelberg, “Bridging atomic and nuclear physics
in isomer triggering” [ 205 ]
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Breakout Session 4: Atom-Photon Interactions.
Location: Wasatch A — Thomas Becker, Chair

20:50 Alexei Ourjoumtsev, Max Planck Institute for Quantum Optics, “Two-photon gateway
in one-atom cavity quantum electrodynamics” [ 203 ]
21:10 Barak Dayan, Weizmann Institute of Science, “Routing single photons with single atoms
coupled to chip-based microcavities”
21:30 Robert Nevels, Texas A&M University, “Nanostructure Antennas and Scatterers” [ 196 ]
21:50 Sanjit Karmakar, University of Maryland, Baltimore County, “Can two-photon interference of thermal light be considered as statistical correlation or anti-correlation of intensity
fluctuations?” [ 144 ]
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5.3

Poster session

5:00–7:00 p.m., Thursday, January 8, 2009.
Bernhard W. Adams, Argonne National Laboratory
“Parametric Down Conversion of X-Rays” [ 57 ]
Lincoln Carr, Colorado School of Mines
“Nonlinear Phenomena in Bose-Einstein Condensates: Atomic Soliton Lasers and Beyond”
Hichem Eleuch, Texas A&M University
“Excitation of atomic coherence using off-resonant, strong Laser pulses” [ 98 ]
Shaoyan Gao, Texas A&M University
“Coherent control of elastic and Raman fluorescence channels in a 3-level system” [ 108 ]
Dagmar Gerthsen, University of Karlsruhe
“Towards Quantification of the In-Distribution in InAs Quantum Dots by Transmission Electron Microscopy”
[ 112 ]
Ariunbold Gombojav, Texas A&M University
“Temporal behavior of Ultraviolet Raman Superradiance” [ 114 ]
Alexander A. Govyadinov, University of Pennsylvania
“Superluminal SPP Pulses in Linear Chains of Metallic Nanoshperoids” [ 116 ]
Mark Havey, Old Dominion University
“Parametric resonance of ultracold and high density Rb atoms confined to an optical dipole trap” [ 125 ]
Mark Havey, Old Dominion University
“Optical pumping dynamics and near-resonance light scattering in an ultracold sample of Rb atoms”
Hermes Huang, Yale University
“Single Particle Aerosol Detection using Laser-Induced Fluorescence” [ 132 ]
Pankaj Kumar Jha, Texas A&M University
“New Analytical Solutions for Two Level Systems” [ 137 ]
Robin Kaiser, INLN, CNRS, UNSA
“Photon Lévy Flight in a Rubidium Vapor” [ 140 ]
Robin Kaiser, INLN, CNRS, UNSA
“Toward a Random Laser with Cold Atoms” [ 141 ]
Rina Kanamoto, Ochanomizu University, Japan
“Quantum phase transition, symmetry breaking, and entanglement in one-dimensional Bose gas”
Sanjit Karmakar, University of Maryland, Baltimore County
“Can two-photon interference of thermal light be considered as statistical correlation of intensity fluctuations?”
Uday Khankhoje, California Institute of Technology
“Fabrication and Characterization of Slab Microcavities” [ 149 ]
Fam Le Kien, University of Electro- Communications, Japan
“Slowing down of a guided light field along a nanofiber embedded in a cold atomic gas” [ 152 ]
Arnaud Landragin, SYRTE-Observatoire de Paris
“Off-resonant Raman transitions in an atom interferometer” [ 163 ]
Christopher McGuinness, Stanford University
“Woodpile Structure Fabrication for Photonic Crystal Laser Particle Accelerators”
Christian P. Morath, Sandia National Laboratories
“Density imbalance effect on the Coulomb drag upturn in an undoped electron-hole bilayer” [ 188 ]
Frank A. Narducci, Naval Air Systems Command
“Propagation of pulses in a four level medium”
PQE-2009

34

Numbers in brackets refer to the page number of the abstract

Kali Prasanna Nayak, University of Electro- Communications, Japan
“Optical Nanofibers for Manipulating Atoms and Photons” [ 195 ]
Koryun Oganesyan, Yerevan Physics Institute, Armenia
“The Undulator Radiation in Terahertz Region” [ 201 ]
Koryun Oganesyan, Yerevan Physics Institute, Armenia
“Formation of relativistic positron systems and their decay to X-rays by the axial channeling of positrons in ionic
crystals” [ 202 ]
Alexei Ourjoumtsev, Max Planck Institute for Quantum Optics
“Two-photon gateway in one-atom cavity quantum electrodynamics”
Viktor A. Podolskiy, Oregon State University
“Hyper-gratings: nanophotonics in planar anisotropic metamaterials”
Gabriel Price, University of Texas at Austin
“Single-Photon Cooling to the Limit of Trap Dynamics: Maxwell’s Demon Near Maximum Efficiency” [ 215 ]
Ben Richards, University of Arizona
“AFM studies of surface grating formation in MBE-grown InGaAs/GaAs multiple quantum well structures”
[ 221 ]
Ralf Röhlsberger, Deutsches Elektronen Synchrotron DESY
“The Nuclear Lighthouse Effect”
Eyob A. Sete, Texas A&M University
“Two-photon excitation in three two-level atom system: Dicke Superradiance”
Nikolai Stelmakh, University of Texas at Arlington
“Parametric gain for multimode light”
Julian Sweet, University of Arizona
“Nonlinear Reflectivity of Fibonacci Quantum Wells” [ 257 ]
Jonathan Wurtele, UC Berkeley and LBNL
“Brightness and Phase Space Considerations in FEL Optimization” [ 269 ]
Hui Xia, Princeton and Texas A&M University
“Experiments on applying surface enhancement in FAST-CARS” [ 271 ]
Zhenda Xie, University of Maryland, Baltimore County
“Can two-photon interference of thermal light be considered as statistical correlation or anti-correlation of intensity fluctuations?” [ 273 ]
Zhenshan Yang, Texas A&M University
“‘Backward Heisenberg Picture’ Approach for Spontaneous Parametric Down-Conversion and Spontaneous Emission” [ 275 ]
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Bernhard W. Adams, Argonne National Laboratory
Monday morning, first plenary session, abstract on page 56
“Nuclear Gamma-Ray Superradiance”
Bernhard W. Adams, Argonne National Laboratory
poster session, abstract on page 57
“Parametric Down Conversion of X-Rays”
Eric Akkermans, Yale university and Technion-Israel
Tuesday evening plenary session, abstract on page 58
“Dicke superradiance and Anderson localization of photons”
Ofir E. Alon, Heidelberg University
Thursday morning, first plenary session, abstract on page 59
“Quantum Dynamics of Attractive Bose Gases”
Takao Aoki, California Institute of Technology
Tuesday morning, second invited session, abstract on page 60
“Strong coupling between one atom and a microtoroidal resonator”
V. Ara Apkarian, University of California at Irvine
Thursday morning, first invited session, abstract on page 61
“Nonlocal mechanics, environment induced coherence, and decoherence free states of an
oscillator strongly coupled to the bath”
Ladan Arissian, Texas A&M University
Tuesday morning, second invited session, abstract on page 62
“Intracavity phase measurement, sensor based on carrier to envelope frequency (CEO)”
John Arthur, SLAC
Tuesday evening invited session, abstract on page 63
“Startup of the LCLS Free Electron Laser and plans for soft X-ray science in 2009”
Markus Aspelmeyer, IQOQI, Austrian Academy of Sciences
Tuesday morning, first invited session, abstract on page 64
“Laser-Cooling of Micromechanical Resonators in a Cryogenic Cavity”
Michal Bajcsy, Harvard University
Tuesday morning, second invited session, abstract on page 65
“All-optical switch inside a hollow-core photonic-crystal fiber”
Gopalakrishnan Balasubramanian, Universität Stuttgart
Thursday evening invited session, abstract on page 66
“Super-resolution imaging using single spins in diamond”
Nir Bar-Gill, Weizmann Institute of Science
Monday evening invited session, abstract on page 67
“Dynamic Decoherence Control in BEC Setups”
Baris I. Erkmen, NASA Jet Propulsion Laboratory
Tuesday evening invited session, abstract on page 68
“Unified theory of classical and quantum ghost imaging”

PQE-2009

37

Thomas Becker, Max Planck Institute for Quantum Optics
Thursday evening plenary session, abstract on page 69
“Cavity QED and Spectroscopy with Rydberg Atoms”
Alexey Belyanin, Texas A&M University
Monday morning, second invited session, abstract on page 70
“Terahertz studies of collective excitations and microscopic physics in semiconductor
magneto-plasmas”
Fetah Benabid, University of Bath
Wednesday morning, second invited session, abstract on page 71
“What Hollow-Core Photonic Crystal Fiber brought to Coherent Stimulated Raman Scattering”
Rafi Bistritzer, University of Texas at Austin
Monday morning, first invited session, abstract on page 72
“High Tc superfluidity in bilayer graphene”
Robert W. Boyd, University of Rochester
Wednesday morning, first plenary session, abstract on page 73
“Slow and Fast Light: Fundamentals and Applications”
Howard Brandt, U.S. Army Research Laboratory
Wednesday evening invited session, abstract on page 74
“Quantum computational geodesics”
Hans J. Briegel, University of Innsbruck
Monday evening invited session, abstract on page 75
“Entanglement in biological systems? - A quantum thermodynamic perspective”
Dmitry Budker, University of California at Berkeley
Thursday morning, first invited session, abstract on page 76
“The joy and utility of high-order atomic and nuclear polarization moments”
Aurel Bulgac, University of Washington
Tuesday evening invited session, abstract on page 77
“The incredible many facets of a unitary Fermi gas”
Leonid Butov, University of California at San Diego
Monday morning, first plenary session, abstract on page 78
“Indirect Excitons”
Björn Butscher, University of Stuttgart
Monday evening invited session, abstract on page 79
“Observation of ultra-long-range Rydberg molecules”
Robert L. Byer, Stanford University
Wednesday morning, first plenary session, abstract on page 80
“Laser Compression and Acceleration of Electrons”
Hans Peter Büchler, University of Stuttgart
Monday evening invited session, abstract on page 81
“Quantum critical behavior in strongly interacting Rydberg gases”
Howard Carmichael, University of Auckland
Monday evening invited session, abstract on page 82
“Quantum teleportation of the temporal correlations of light: squeezing and bandwidth requirements”
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Lincoln Carr, Colorado School of Mines
Wednesday morning, second invited session, abstract on page 83
“Many Body Entangled Quantum Dynamics of Ultracold Molecules”
Lincoln Carr, Colorado School of Mines
poster session, abstract on page 84
“Nonlinear Phenomena in Bose-Einstein Condensates: Atomic Soliton Lasers and Beyond”
James J. Carroll, Youngstown State University
Thursday evening invited session, abstract on page 85
“Search for induced depletion of nuclear isomers”
Jun-Tao Chang, Texas A&M University
Monday morning, first invited session, abstract on page 86
“Cooperative Spontaneous Emission of N atoms: many-body eigenstates and their decay”
Hui-Chun Chien, Stanford University
Wednesday morning, second invited session, abstract on page 87
“Observation of the Superfluid Deconfinement Crossover From 2D Berezinskii-KosterlitzThouless Layers to a 3D Anisotropic Superfluid”
Cheng Chin, University of Chicago
Tuesday evening invited session, abstract on page 88
“Novel Quantum Phases and Scalable Quantum Control of Two Atomic Species in Optical
Lattices”
Kent D. Choquette, University of Illinois
Thursday morning, first invited session, abstract on page 89
“Decimated Cavity Photonic Crystal Membrane Laser”
Weng W. Chow, Sandia National Laboratories
Monday morning, second plenary session, abstract on page 90
“Update on our understanding of semiconductor-laser gain: from quantum well to quantum
dots”
Eugene M. Chudnovsky, CUNY Lehman College and Graduate Center
Tuesday evening invited session, abstract on page 91
“Cooperative Effects and Possibility of Superradiance in Crystals of Molecular Magnets”
Leon Cohen, City University of New York (Hunter College)
Monday evening invited session
“A phase space approach to scattering”
Eric R. Colby, SLAC National Accelerator Laboratory
Wednesday morning, first invited session, abstract on page 92
“The E-163 Advanced Accelerator Research Program at SLAC”
Barak Dayan, Weizmann Institute of Science
Thursday evening invited session, abstract on page 93
“Routing single photons with single atoms coupled to chip-based microcavities”
Pacôme Delva, ESA/ACT
Thursday evening invited session, abstract on page 94
“Atom interferometric detection of gravitational waves on ground and in space”
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Peter Dombi, Hungarian Research Inst. for Solid-State Physics and Optics
Wednesday morning, first invited session, abstract on page 95
“Surface Plasmon Enhanced Electron Acceleration with Few-Cycle Laser Pulses”
Peter D. Drummond, Swinburne University of Technology
Tuesday evening invited session, abstract on page 96
“Theory of strongly interacting Fermi gases”
Geoffrey Duxbury, University of Strathclyde, Glasgow
Monday evening plenary session, abstract on page 97
“Quantum cascade laser spectroscopy: Diagnostics to non-linear optics”
Hichem Eleuch, Texas A&M University
poster session, abstract on page 98
“Excitation of atomic coherence using off-resonant, strong Laser pulses”
Abdulhakem Y. Elezzabi, University of Alberta
Wednesday morning, second invited session, abstract on page 99
“Spinplasmonics: Controlling Plasmon Propagation via Electron Spin”
Fredrik Fatemi, Naval Research Laboratory
Thursday morning, second invited session, abstract on page 100
“Imaging magnetic fields using stimulated Raman transitions in a cold atom cloud”
Nathaniel J. Fisch, Princeton University Plasma Physics Laboratory
Thursday morning, first invited session, abstract on page 101
“Cooling Particles with Waves: from 10ˆ6 eV to 10ˆ5 eV or from 10ˆ-8 eV to 10ˆ-9 eV”
Jason Fleischer, Princeton University
Thursday morning, second invited session, abstract on page 102
“Nonlinear Self-Filtering via Dynamical Stochastic Resonance”
Ron Folman, Ben-Gurion University, Israel
Wednesday evening invited session, abstract on page 103
“Atomchips: where material engineering meets atom optics”
József Fortágh, University of Tübingen
Monday evening invited session, abstract on page 104
“Meissner effect in superconducting microtraps”
Eugene Frumker, Texas A&M University
Tuesday morning, second invited session, abstract on page 105
“Two-dimensional phase-only spatial light modulators for dynamic phase and amplitude
pulse shaping”
Edward S. Fry, Texas A&M University
Tuesday morning, second invited session, abstract on page 106
“Do Experimental Violations of Bell Inequalities Imply a Non-Local Interpretation of Quantum Mechanics?”
Thomas F. Gallagher, University of Virginia
Tuesday morning, second invited session, abstract on page 107
“Superradiance in the Frozen Rydberg Gas”
Shaoyan Gao, Texas A&M University
poster session, abstract on page 108
“Coherent control of elastic and Raman fluorescence channels in a 3-level system”
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Daniel J. Gauthier, Duke University
Wednesday morning, first invited session, abstract on page 109
“Room-Temperature Spectral Hole Burning via SBS”
Andy Geraci, NIST
Thursday morning, second invited session, abstract on page 110
“Cold atoms coupled to a magnetic micro-cantilever”
Dagmar Gerthsen, University of Karlsruhe
Wednesday evening invited session, abstract on page 111
“Transmission Electron Microscopy of Nonperiodic InGaAs/GaAs Quantum Well Structures”
Dagmar Gerthsen, University of Karlsruhe
poster session, abstract on page 112
“Towards Quantification of the In-Distribution in InAs Quantum Dots by Transmission
Electron Microscopy”
Philippe Goldner, Ecole Nationale Supérieure de Chimie
Thursday morning, first invited session, abstract on page 113
“Rare earth doped crystals for quantum memories”
Ariunbold Gombojav, Texas A&M University
poster session, abstract on page 114
“Temporal behavior of Ultraviolet Raman Superradiance”
Alexander A. Govyadinov, University of Pennsylvania
Thursday evening invited session, abstract on page 115
“Phaseless 3D Optical Tomography with Subwavelength Resolution”
Alexander A. Govyadinov, University of Pennsylvania
poster session, abstract on page 116
“Superluminal SPP Pulses in Linear Chains of Metallic Nanoshperoids”
David Grojo, National Research Council, Canada
Tuesday morning, second invited session, abstract on page 117
“Multiphoton Ionization and Nanoscale Modifications inside Transparent Solids”
Kohzo Hakuta, University of Electro- Communications, Japan
Tuesday morning, second plenary session, abstract on page 118
“Manipulating Atoms and Photons Using Optical Nanofibers”
Elmar Haller, Experimental Physik University of Innsbruck
Monday morning, second invited session, abstract on page 119
“From an ideal gas to the super-Tonks-Girardeau regime with tunable interactions”
Hiro-o Hamaguchi, The University of Tokyo
Wednesday evening plenary session, abstract on page 120
“Can Raman spectroscopy measure and quantify life?”
Jack Harris, Yale University
Tuesday morning, first invited session, abstract on page 121
“Improved ‘position squared’ readout of a mechanical oscillator using degenerate cavity
modes”

PQE-2009

41

Matthew Hastings, Los Alamos National Laboratory
Tuesday evening invited session, abstract on page 122
“Synchronization and Dephasing of Many-Body States”
Mark Havey, Old Dominion University
Tuesday morning, second invited session, abstract on page 123
“Near-resonance light scattering in high density and ultracold 87Rb”
Mark Havey, Old Dominion University
poster session, abstract on page 124
“Parametric resonance of ultracold and high density Rb atoms confined to an optical dipole
trap”
Mark Havey, Old Dominion University
poster session, abstract on page 125
“Optical pumping dynamics and near-resonance light scattering in an ultracold sample of
Rb atoms”
Antoine Heidmann, Laboratoire Kastler Brossel, CNRS
Tuesday morning, first invited session, abstract on page 126
“Optomechanical correlations between light and mirrors”
Philip Hemmer, Texas A&M University
Thursday evening invited session, abstract on page 127
“Practical limits to sub-wavelength imaging”
Joshua R. Hendrickson, The University of Arizona
Wednesday evening invited session, abstract on page 128
“Exciton Polaritons in 1D Fibonacci Quasicrystals”
Jason Hogan, Stanford University
Thursday evening invited session, abstract on page 129
“Precision gravimetry and test of the Equivalence Principle with a 10-meter atomic fountain”
Tomoyuki Horikiri, National Institute of Informatics, Japan and Stanford University
Monday morning, first invited session, abstract on page 130
“Second order coherence of exciton-polariton condensates”
John Howell, University of Rochester
Wednesday morning, first invited session, abstract on page 131
“Applications of Slow And Stopped Light”
Hermes Huang, Yale University
poster session, abstract on page 132
“Single Particle Aerosol Detection using Laser-Induced Fluorescence”
Randall G. Hulet, Rice University
Wednesday evening invited session, abstract on page 133
“Exploring transport of a weakly-interacting BEC in a random potential”
Hannes Hübel, University of Vienna
Tuesday morning, second invited session, abstract on page 134
“Entanglement based Quantum Cryptography: From intra city links to inter island quantum
communication”
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Francesco Intravaia, Universität Potsdam
Wednesday morning, first invited session, abstract on page 135
Surface Plasmons and the Casimir Effect”
Fedor Jelezko, University of Stuttgart
Monday evening invited session, abstract on page 136
“Manipulating single electron and nuclear spin in diamond”
Pankaj Kumar Jha, Texas A&M University
poster session, abstract on page 137
“New Analytical Solutions for Two Level Systems”
Chan Joshi, UCLA
Monday evening invited session, abstract on page 138
“Laser-Plasma Accelerators for Generating Directional X-ray beams”
Robin Kaiser, INLN, CNRS, UNSA
Tuesday morning, second plenary session, abstract on page 139
“Quantum Multiple Scattering”
Robin Kaiser, INLN, CNRS, UNSA
poster session, abstract on page 140
“Photon Lévy Flight in a Rubidium Vapor”
Robin Kaiser, INLN, CNRS, UNSA
poster session, abstract on page 141
“Toward a Random Laser with Cold Atoms”
Rina Kanamoto, Ochanomizu University, Japan
Thursday morning, second invited session, abstract on page 142
“Quantum phase transition, symmetry breaking, and entanglement in one-dimensional Bose
gas”
Rina Kanamoto, Ochanomizu University, Japan
poster session
“Quantum phase transition, symmetry breaking, and entanglement in one-dimensional Bose
gas”
Henry C. Kapteyn, JILA – University of Colorado at Boulder
Tuesday morning, first plenary session, abstract on page 143
“Ultrafast Tabletop Diffractive Microscopy and Nanothermal Imaging using Coherent High
Harmonic Beams”
Sanjit Karmakar, University of Maryland, Baltimore County
Thursday evening invited session, abstract on page 144
“Can two-photon interference of thermal light be considered as statistical correlation or anticorrelation of intensity fluctuations?”
Sanjit Karmakar, University of Maryland, Baltimore County
poster session, abstract on page 145
“Can two-photon interference of thermal light be considered as statistical correlation of intensity fluctuations?”
Keith Kastella, SRI International
Thursday evening invited session, abstract on page 146
“Selective detection of entangled photons”
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Masayuki Katsuragawa
Wednesday morning, second invited session, abstract on page 147
“Octave-spanning Raman comb stabilized to an optical frequency standard”
James F. Kelly, DOE; Pacific Northwest National Laboratory
Monday evening invited session, abstract on page 148
“Empirical studies of swept gain effects in molecular lambda transitions”
Uday Khankhoje, California Institute of Technology
poster session, abstract on page 149
“Fabrication and Characterization of Slab Microcavities”
Galina Khitrova, University of Arizona
Wednesday evening plenary session, abstract on page 150
“Nonperiodic Nanophotonics”
Jacob Khurgin, Johns Hopkins University
Monday morning, second invited session, abstract on page 151
“Interface roughness and ionized impurity broadening -is it homogeneous or not?”
Fam Le Kien, University of Electro- Communications, Japan
poster session, abstract on page 152
“Slowing down of a guided light field along a nanofiber embedded in a cold atomic gas”
Moochan Kim, Texas A&M University
Wednesday evening invited session, abstract on page 153
“Condensation and Fluctuation for the weakly interacting N-Boson System”
Niels Kjaergaard, Niels Bohr Institute
Monday evening invited session, abstract on page 154
“Squeezing of Atomic Quantum Projection Noise”
Olga Kocharovskaya, Texas A&M University
Monday morning, second invited session, abstract on page 155
“Quantum coherence effects in solids: New applications”
Vitaly Kocharovsky, Texas A&M University
Wednesday evening invited session, abstract on page 156
“Mesoscopic BEC phase transition”
Alexander Korotkov, University of California at Riverside
Wednesday evening invited session, abstract on page 157
“Quantum uncollapsing: theory and experiment”
Norbert Kroó, Hungarian Academy of Sciences
Wednesday morning, first plenary session, abstract on page 158
“Nonlinear plasmonics and some applications”
Andy Kung, Academia Sinica, Taiwan
Wednesday morning, second invited session, abstract on page 159
“Controlling the carrier-envelope phase of Raman generated single-cycle pulses”
Gershon Kurizki, Weizmann Institute of Science
Monday evening plenary session, abstract on page 160
“Ultrafast Cooling of Quantum Bits Within the Bath Memory”
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Jaan Laane, Texas A&M University
Wednesday evening invited session, abstract on page 161
“Spectroscopic investigations and potential functions for pyridine and 1,3-butadiene in
ground and excited electronic states”
Arnaud Landragin, SYRTE-Observatoire de Paris
Thursday evening invited session, abstract on page 162
“Inertial sensors with cold atoms”
Arnaud Landragin, SYRTE-Observatoire de Paris
poster session, abstract on page 163
“Off-resonant Raman transitions in an atom interferometer”
Karyn Le Hur, Yale University
Tuesday evening invited session, abstract on page 164
“Entanglement and Decoherence of Two level Systems in a Boson bath: A unified Approach
for solid-state devices, cold atomic systems, and photons”
Aaron Leanhardt, University of Michigan
Tuesday morning, first invited session, abstract on page 165
“An Electron Electric Dipole Moment Search in the 3∆1 Ground State of Tungsten Carbide
Molecules”
Alexandra Ledermann, Institute of Nanotechnology, Forschungszentrum Karlsruhe
Wednesday evening invited session, abstract on page 166
“Optical properties of three-dimensional photonic quasicrystals and their periodic approximants”
M. Howard Lee, University of Georgia
Monday evening invited session, abstract on page 167
“Ergodicity and Chaos in a system of harmonic oscillators”
Kevin K. Lehmann, University of Virginia
Tuesday morning, first invited session, abstract on page 168
“Cavity Enhanced Absorption Spectroscopy with a Supercontinuum Source”
Miklos Lenner, Hungarian Research Inst. for Solid-State Physics and Optics
Wednesday morning, second invited session, abstract on page 169
“Nonlinear STM Plasmonics”
Michael P. Lilly, Sandia National Laboratories
Monday morning, second invited session, abstract on page 170
Coulomb drag in the exciton regime in electron-hole bilayers”
Marc Litz, U.S. Army Research Lab
Thursday evening invited session, abstract on page 171
“Potential of electron-beam ionization for accelerated decay of radioisotopes”
W. Vincent Liu, University of Pittsburgh
Thursday morning, first invited session, abstract on page 172
“Crystalline superfluidity of cold atoms in lattice p-bands”
Patrick Loughlin, University of Pittsburgh
Monday evening invited session, abstract on page 173
“Local phase space moments of a pulse propagating with dispersion and damping”
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Alexander Lvovsky, University of Calgary
Monday morning, first invited session, abstract on page 174
“Process tomography of quantum-optical memory”
Alberto M. Marino, NIST
Thursday morning, second invited session, abstract on page 175
“Entangled Images from Four-Wave Mixing”
Rainer Martini, Stevens Institute of Technology
Monday evening invited session
“High speed all-optical modulation of a Quantum Cascade Laser”
Eric Mazur, Harvard University
Thursday morning, first invited session
“Black Silicon”
Christopher McGuinness, Stanford University
Wednesday morning, first invited session, abstract on page 176
“Accelerating Electrons with Lasers and Photonic Crystals”
Christopher McGuinness, Stanford University
poster session
“Woodpile Structure Fabrication for Photonic Crystal Laser Particle Accelerators”
Michael Mehring, Universität Stuttgart
Tuesday morning, second invited session, abstract on page 177
“Phase Control of Quantum States”
Carmen Menoni, Colorado State University
Tuesday morning, first invited session, abstract on page 178
“Nanometer scale imaging with extreme ultraviolet lasers”
Dieter Meschede, Unversity of Bonn
Tuesday morning, second invited session, abstract on page 179
“Controlling neutral atoms for quantum information processing in a 1D optical lattice”
Ronald Meyers, Army Research Laboratory
Tuesday evening invited session, abstract on page 180
“Thermal Ghost Imaging Experiments”
John Miao, University of California at Los Angeles
Tuesday morning, first invited session, abstract on page 181
“Lensless Diffraction Microscopy: Seeing the Invisible with Computational Algorithms”
Alan Migdall, NIST Gaithersburg
Wednesday evening plenary session, abstract on page 182
“Fiber-Based Entangled Photon Source Progress and Applications (a 2500 year history)”
Eugeniy Mikhailov, The College of William & Mary
Tuesday morning, first invited session, abstract on page 183
“Low-frequency vacuum squeezing in Rb vapor”
Anthony Miller, Stanford University
Thursday morning, second invited session, abstract on page 184
“Magnetometry with Cold Atomic Ensembles”
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David A. B. Miller, Stanford University
Wednesday morning, second invited session, abstract on page 185
“Limits to Dispersive and Slow Light Optical Devices”
Masoud Mohseni, Harvard University
Monday morning, first invited session, abstract on page 186
“Correlation-enhanced quantum process tomography”
Nimrod Moiseyev, Technion, Israel
Thursday morning, second invited session, abstract on page 187
“Photo induced conical intersections in molecular optical lattices: the phenomenon and its
consequence”
Christian P. Morath, Sandia National Laboratories
poster session, abstract on page 188
“Density imbalance effect on the Coulomb drag upturn in an undoped electron-hole bilayer”
John J. L. Morton, University of Oxford
Thursday morning, second invited session, abstract on page 189
“Solid state quantum memory using nuclear spins”
Shaul Mukamel, University of California at Irvine
Tuesday morning, first invited session, abstract on page 190
“Nonlinear Spectroscopy with Entangled Photons; Manipulating Quantum Pathways of Matter”
Margaret Murnane, JILA – University of Colorado at Boulder
Tuesday evening invited session, abstract on page 191
“Observing the Coupled Motions of Electrons and Atoms in Polyatomic Molecules”
John M. Myers, Harvard University
Wednesday evening invited session, abstract on page 192
“Contingent choice of states to simplify a quantum decision problem of light detection”
Holger Müller, University of California at Berkeley
Thursday evening invited session, abstract on page 193
“Large area atom interferometry”
Frank A. Narducci, Naval Air Systems Command
Thursday morning, second plenary session, abstract on page 194
“Useful Diagnostics in the construction of a Gradient Magnetometer Atom Interferometer”
Frank A. Narducci, Naval Air Systems Command
poster session
“Propagation of pulses in a four level medium”
Kali Prasanna Nayak, University of Electro- Communications, Japan
poster session, abstract on page 195
“Optical Nanofibers for Manipulating Atoms and Photons”
Robert Nevels, Texas A&M University
Thursday evening invited session, abstract on page 196
“Nanostructure Antennas and Scatterers”
Irina Novikova, The College of William & Mary
Wednesday morning, first invited session, abstract on page 197
“Optimal control of light pulse storage and retrieval in atomic vapor”
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Chris O’Brien, Texas A&M University
Thursday morning, first invited session, abstract on page 198
“Coherent Enhancement of Refractive Index in Solids using Excited State Absorption”
Ken O’Hara, The Pennsylvania State University
Tuesday evening invited session, abstract on page 199
“Experiments with an ultracold three-component Fermi gas”
Koryun Oganesyan, Yerevan Physics Institute, Armenia
Thursday morning, second invited session, abstract on page 200
“Detection of Casimir Photons with Electrons”
Koryun Oganesyan, Yerevan Physics Institute, Armenia
poster session, abstract on page 201
“The Undulator Radiation in Terahertz Region”
Koryun Oganesyan, Yerevan Physics Institute, Armenia
poster session, abstract on page 202
“Formation of relativistic positron systems and their decay to X-rays by the axial channeling
of positrons in ionic crystals”
Alexei Ourjoumtsev, Max Planck Institute for Quantum Optics
Thursday evening invited session, abstract on page 203
“Two-photon gateway in one-atom cavity quantum electrodynamics”
Alexei Ourjoumtsev, Max Planck Institute for Quantum Optics
poster session
“Two-photon gateway in one-atom cavity quantum electrodynamics”
John Page, University of Manitoba
Tuesday morning, second invited session, abstract on page 204
“Localization of ultrasonic waves in a three-dimensional elastic network”
Adriana Palffy, Max Planck Institute, Heidelberg
Thursday evening invited session, abstract on page 205
“Bridging atomic and nuclear physics in isomer triggering”
Nino R. Pereira, Ecopulse
Thursday evening invited session, abstract on page 206
“Cost Estimates for Power or Energy from Nuclear Isomers”
Pierre Pillet, Laboratoire Aimé Cotton, CNRS, Univ Paris-Sud
Thursday morning, first plenary session, abstract on page 207
“Broaband laser for detection and cooling of molecules.”
Aron Pinczuk, Columbia University
Monday morning, first invited session, abstract on page 208
“Quantum Hall States seen as Quantum Liquids”
Martin Plenio, Imperial College London
Monday morning, second invited session, abstract on page 209
“Measuring Measurement and Quantitative Entanglement Verification”
Alexander N. Poddubny, Ioffe Physical-Technical Institute of the RAS
Wednesday evening invited session, abstract on page 210
“Theory of Light Coupled Exciton Polaritons in Nonperiodic Quantum Wells”
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Viktor A. Podolskiy, Oregon State University
Wednesday morning, second invited session, abstract on page 211
“Eliminating Losses and Out-of-Plane Scattering of Surface Plasmon Polaritons with Active
Metamaterials”
Viktor A. Podolskiy, Oregon State University
poster session, abstract on page 212
“Hyper-gratings: nanophotonics in planar anisotropic metamaterials”
Markus Pollnau, University of Twente
Monday morning, second invited session, abstract on page 213
“Monitoring of DNA molecules in a lab on a chip with femtosecond laser written waveguides”
Michelle Povinelli, University of Southern California
Wednesday morning, second invited session, abstract on page 214
“Trapping Light in Optical Microcavities via Dynamic Tuning”
Gabriel Price, University of Texas at Austin
poster session, abstract on page 215
“Single-Photon Cooling to the Limit of Trap Dynamics: Maxwell’s Demon Near Maximum
Efficiency”
Han Pu, Rice University
Wednesday morning, second invited session, abstract on page 216
Dynamics of vector solitons in two-species atomic condensate”
Mark Raizen, University of Texas at Austin
Thursday morning, first plenary session, abstract on page 217
“Maxwell’s Demon near Maximal Efficiency”
Ernst M. Rasel, Leibniz Universität Hannover
Thursday evening plenary session, abstract on page 218
“Bose-Einstein condensates in extended free fall”
Patrick Rebentrost, Harvard University
Wednesday evening invited session, abstract on page 219
“The role of quantum coherence in excitonic energy transfer in photosynthetic complexes”
Margaret Reid, Swinburne University of Technology
Tuesday morning, second invited session, abstract on page 220
“EPR, Steering and Bell inequalities”
Ben Richards, University of Arizona
poster session, abstract on page 221
“AFM studies of surface grating formation in MBE-grown InGaAs/GaAs multiple quantum
well structures”
Martin Richardson, Townes Institute, College of Optics, UCF
Thursday morning, second plenary session
“Playing with plasmas”
Grant Ritchie, University of Oxford
Monday evening invited session, abstract on page 222
“Applications of quantum cascade lasers in chemical kinetics and dynamics”
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Jorge J. Rocca, Colorado State University
Tuesday evening plenary session, abstract on page 223
“Phase-coherent injection-seeded soft x-ray lasers”
Yuri Rostovtsev, Texas A&M University
Tuesday morning, first invited session, abstract on page 224
“Atomic coherence excited by off-resonant strong laser pulses: theory and experiment and
the role of absolute phase”
Ronald D. Ruth, Lyncean Technologies, Inc. and SLAC
Wednesday morning, first invited session, abstract on page 225
“Accelerator-Laser Compton X-rays for medical applications”
Ralf Röhlsberger, Deutsches Elektronen Synchrotron DESY
Monday morning, first invited session, abstract on page 226
“Directional Emission of X-rays from Rotating Matter: The Nuclear Lighthouse Effect”
Ralf Röhlsberger, Deutsches Elektronen Synchrotron DESY
poster session
“The Nuclear Lighthouse Effect”
Mark Sadgrove, CREST project, Japan Science and Technology Agency
Monday morning, second invited session, abstract on page 227
“Computing exponential sums with a Bose-Einstein condensate”
Anne Sakdinawat, University of California, Berkeley
Tuesday evening invited session, abstract on page 228
“X-ray Imaging with Specialized Diffractive Optics”
Barry C. Sanders, University of Calgary
Monday morning, first plenary session, abstract on page 229
“Complete Characterization of Quantum-Optical Processes”
Zoe-Elizabeth Sariyanni, JILA / University of Colorado at Boulder
Thursday morning, second invited session, abstract on page 230
“Exorcizing Maxwell’s Demon via Quantum Mechanics”
Sergey Saunin, AIST-NT Inc.
Wednesday morning, second invited session, abstract on page 231
“SPM+Raman - Integrated Solution for Modern Photonics and Plasmonics”
Anatoliy Savchenkov, OEwaves Inc.
Tuesday morning, first invited session, abstract on page 232
“Low repetition rate all-optical frequency comb”
Peter Schmelcher, University of Heidelberg
Wednesday morning, second invited session, abstract on page 233
“Correlated Tunneling and Interferences in Strongly Interacting Low-Dimensional Bosonic
Systems”
Holger Schmidt, University of California at Santa Cruz
Monday morning, second invited session, abstract on page 234
“Atomic spectroscopy and quantum interference on a chip”
Ferdinand Schmidt-Kaler, Universität Ulm
Monday evening plenary session, abstract on page 235
“A deterministic single ion source for nm-spatial deterministic doping of solid state devices”
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Marlan O. Scully, Texas A&M and Princeton University
Tuesday morning, first plenary session, abstract on page 236
“The Lamb Shift Yesterday, Today, and Tomorrow”
Eyob A. Sete, Texas A&M University
Monday morning, second invited session, abstract on page 237
“The Lamb Shift in Single photon Dicke Superradiance”
Eyob A. Sete, Texas A&M University
poster session, abstract on page 238
“Two-photon excitation in three two-level atom system: Dicke Superradiance”
Selim Shahriar, Northwestern University
Thursday morning, second invited session, abstract on page 239
“Putting Superluminosity to Work: From Data Buffering to Ultraprecise Magnetometry”
Krister Shalm, University of Toronto
Monday morning, first invited session, abstract on page 240
“The Symmetry of Spin-Squeezing: Quantum State Tomography on a Sphere”
Yan Hua Shih, University of Maryland at Baltimore County
Tuesday evening invited session, abstract on page 241
“Thermal ghost imaging: What is quantum? What is classical?”
Yuri Shvyd’ko, Argonne National Laboratory
Monday morning, first invited session, abstract on page 242
“X-Ray Free Electron Laser Oscillator: a Future Fully Coherent X-ray Source”
Irfan Siddiqi, University of California at Berkeley
Thursday morning, first invited session, abstract on page 243
“Non-linear Dispersive Measurement with Superconducting Circuits”
Andrii Sizhuk, Texas A&M University
Thursday morning, second invited session, abstract on page 244
“Fluctuations of Particle Number in Two-component Interacting Bose-Einstein Condensate”
Sebastian Slama, University of Tübingen, Germany
Tuesday morning, second invited session, abstract on page 245
“Collective light scattering from ultracold atoms in optical cavities”
Alexei Sokolov, Texas A&M University
Wednesday morning, second invited session, abstract on page 246
“Novel Light Sources Utilizing Maximal Quantum Coherence in Molecular Gasses and
Solids”
Ian Spielman, NIST, Gaithersburg
Thursday morning, first invited session, abstract on page 247
“Realization of the Bose-Hubbard model in non-standard lattice potentials: tools, experiments, and a simple model”
Dan Stamper-Kurn, University of California at Berkeley
Wednesday morning, second plenary session, abstract on page 248
“Magnetic phases of a dipolar spin-1 quantum gas”
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Daniel Steck, University of Oregon
Thursday morning, first invited session, abstract on page 249
“All-Optical One-Way Barrier for Alkali Atoms”
Nikolai Stelmakh, University of Texas at Arlington
Monday morning, second invited session, abstract on page 250
“Lateral mode structure of wide-ridge Quantum Cascade lasers”
Nikolai Stelmakh, University of Texas at Arlington
poster session, abstract on page 251
“Parametric gain for multimode light”
Douglas Stone, Yale University
Thursday morning, second invited session, abstract on page 252
“Ab Initio Theory of Novel Micro and Nano Lasers”
Dmitry Strekalov, JPL/Caltech
Thursday morning, second invited session, abstract on page 253
“Optical combs via cascaded four-wave mixing in a bichromatically pumped whispering
gallery mode resonator”
Szymon Suckewer, Princeton University
Monday morning, second invited session, abstract on page 254
“Flapless FemtosecLASIK”
Misha Sumetsky, OFS Labs
Tuesday morning, second invited session, abstract on page 255
“Optical microcoil resonator”
Anatoly Svidzinsky, Texas A&M University
Tuesday evening invited session, abstract on page 256
“Cooperative spontaneous emission of N atoms: effect of virtual photons and classical analogy with N harmonic oscillators”
Julian Sweet, University of Arizona
poster session, abstract on page 257
“Nonlinear Reflectivity of Fibonacci Quantum Wells”
Vincenzo Tamma, University of Maryland, Baltimore County
Monday morning, second invited session, abstract on page 258
“Exponential Sums Algorithm based on Optical Interference: Factorization of arbitrary large
numbers in a single run”
George J. Thomas, University of Missouri - Kansas City
Wednesday evening invited session, abstract on page 259
“Mechanisms of Virus Assembly Probed by Raman Spectroscopy”
John Thomas, Duke University
Tuesday evening plenary session, abstract on page 260
“Fermi Gases with Tunable Interactions”
Paolo Tombesi, University of Camerino, Italy
Tuesday morning, first plenary session, abstract on page 261
“Cooling and Entanglement in Cavity Optomechanics”
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Carlos Trallero, National Research Council, Canada
Tuesday morning, second invited session, abstract on page 262
“Multiphoton transitions in the strong field limit: From atoms to molecules”
Ben Varcoe, University of Leeds
Monday morning, second invited session, abstract on page 263
“Precision Test of Lorentz Invariance using EIT”
Andreas Volkmer, Universität Stuttgart
Thursday evening plenary session, abstract on page 264
“Coherent Raman microscopy: Exploring the chemical and physical structure of individual
biopolymers, living cells, and tissue”
Damien Weidmann, STFC Rutherford Appleton Laboratory
Monday evening invited session, abstract on page 265
“Broadband laser heterodyne spectroscopy using an external cavity quantum cascade laser”
George R. Welch, Texas A&M University
Monday morning, second invited session, abstract on page 266
“CARS and FAST-CARS detection of biological molecules such as glucose and cholesterol”
Herbert G. Winful, University of Michigan
Wednesday morning, second invited session, abstract on page 267
“Tunneling time in photonic structures”
Congjun Wu, University of California at San Diego
Thursday morning, first invited session, abstract on page 268
“Novel quantum phases in orbital systems with cold atom optical lattices”
Jonathan Wurtele, UC Berkeley and LBNL
poster session, abstract on page 269
“Brightness and Phase Space Considerations in FEL Optimization”
Sabine Wölk, Universität Ulm
Thursday morning, second invited session, abstract on page 270
“Factorization with Gauss sums”
Hui Xia, Princeton and Texas A&M University
poster session, abstract on page 271
“Experiments on applying surface enhancement in FAST-CARS”
Xiaoliang Sunney Xie, Harvard University
Monday morning, second plenary session, abstract on page 272
“Single Molecule and Nonlinear Raman Microscopy for Biology and Medicine”
Zhenda Xie, University of Maryland, Baltimore County
poster session, abstract on page 273
“Can two-photon interference of thermal light be considered as statistical correlation or anticorrelation of intensity fluctuations?”
Vladislav V. Yakovlev, University of Wisconsin at Milwaukee
Wednesday evening invited session, abstract on page 274
“Stimulated Raman scattering: old physics, new applications”
Zhenshan Yang, Texas A&M University
poster session, abstract on page 275
“‘Backward Heisenberg Picture’ Approach for Spontaneous Parametric Down-Conversion
and Spontaneous Emission”
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Deniz Yavuz, University of Wisconsin at Madison
Wednesday morning, second invited session, abstract on page 276
“Refractive index enhancement with vanishing absorption in an atomic vapor”
Anatoly Zayats, The Queen’s University of Belfast
Wednesday morning, first invited session, abstract on page 277
“Controlling Surface Plasmons on Nanostructured Surfaces”
Matthew Zepf, Queen’s University Belfast
Tuesday evening invited session, abstract on page 278
“High harmonics from relativistically oscillating plasma surfaces – a high brightness attosecond source at keV photon energies”
Alexander A. Zholents, Lawrence Berkeley National Laboratory
Tuesday morning, first invited session, abstract on page 279
“Array of free electron lasers for science with soft x-rays”
Shi-Yao Zhu, Hong Kong Baptist University
Tuesday evening invited session, abstract on page 280
“Hanbury Brown-Twiss effect and thermal light ghost imaging”
Yifu Zhu, Florida International University
Thursday morning, second invited session, abstract on page 281
“Atomic coherence and interference in a coupled atom-cavity system”
Lawrence Ziegler, Boston University
Wednesday evening invited session, abstract on page 282
“Barcoding bacteria by surface enhanced Raman microscopy: rapid pathogen detection at the
single cell level”
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Nuclear γ-Ray Superradiance
Bernhard W. Adams
Advanced Photon Source, Argonne National Laboratory, 9700 S. Cass Ave., Argonne, Il. 60439
A review is given of superradiance from an ensemble of γ-ray resonant nuclei, and a way is proposed to
turn on superradiant emission from a crystalline sample at a given time following γ-ray excitation.
In his original work on superradiance [1], R.H. Dicke introduced a semiclassical model with a classical
electromagnetic field, and two-level atoms modeled in analogy to a spin ensemble. Soon after, Ernst and
Strehle introduced a fully quantum-physical description based upon the Weisskopf-Wigner description of
spontaneous emission [2]. Due to the importance of the Mössbauer effect in condensed-matter physics, a
large body of work exists on nuclear-resonant γ-ray scattering, or absorption/emission. The propagation
of γ-rays through a nuclear-resonant medium was described in a classical model of pulse propagation in
a resonant medium [3], and a quantum theory of nuclear-resonant scattering was developed by Hannon
and Trammell [4]. Both superradiance, and delayed emission due to multiple scattering were observed,
and magnetic switching of coherence was used to modulate the intensity of emission [5].
Recent work [6, 7] on superradiance from a single-photon-excited ensemble of atoms has sparked a lively
debate on how this relates to established theories of nuclear-resonance scattering and experimental results.
Alternatively to Dicke’s spin analogy, superradiance has also been investigated as a many-body eigenvalue
problem with eigenfunctions representing spatial patterns of excitation of a sample [8], and frequency shifts
due to short-range interactions possibly leading to decoherence [9].
Superradiance requires a uniform and coherent excitation, i.e. an optically thin sample during the excitation process. However, the sample must be optically thick for superradiant emission. To satisfy these
seemingly contradictory requirements, one may switch the optical density between absorption and emission. One way for doing so with γ rays is to excite atoms from a low-absorption mode of dynamical x-ray
diffraction in a crystal, and to then apply a strain during the lifetime of the excited state to move the
atoms by a small fraction of the lattice. This changes their phase relationship, so they can emit coherently
into a high-absorption mode of dynamical diffraction [10].

References
[1] R.H. Dicke. Coherence in spontaneous radiation processes. Phys. Rev., 93:99–110, 1954.
[2] V. Ernst and P. Stehle. Emission of radiation from a system of many excited atoms. Phys. Rev., 176:1456–1479, 1968.
[3] F.J. Lynch, R.E. Holland, and M. Hamermesh. Time dependence of resonantly filtered Gamma rays from Fe57 . Phys.
Rev., 120:513–520, 1960.
[4] J.P. Hannon and G.T. Trammell. Coherent γ-ray optics. Hyperfine Interactions, 123-124:127–274, 1999.
[5] Yu.V. Shvyd’ko, T. Hertrich, U. van Bürck, E. Gerdau, O. Leupold, J. Metge, H.D. Rüter, S. Schwend, G.V. Smirnov,
W. Potzel, and P. Schindelmann. Storage of nuclear excitation energy through magnetic switching. Phys. Rev. Lett.,
77:3232–3235, 1996.
[6] M.O. Scully, E.S. Fry, C.H.R. Ooi, and K. Wódkiewicz. Directed spontaneous emission from an extended ensemble of
n atoms: Timing is everything. Phys. Rev. Lett., 96:010501, 2006.
[7] M.O. Scully. Correlated spontaneous emission on the Volga. Laser Physics, 17:635–646, 2007.
[8] Anatoly Svidzinsky and Jun-Tao Chang. Cooperative spontaneous emission as a many-body eigenvalue problem. Phys.
Rev. A, 77:043833, 2008.
[9] Richard Friedberg and Jamal T. Manassah. Effects of including the counterrotating term and virtual photons on the
eigenfunctions and eigenvalues of a scalar photon collective emission theory. Phys.Lett. A, 372:2514–2521, 2008.
[10] B.W. Adams unpublished.
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Parametric Down Conversion of X-Rays
Bernhard W. Adams
Advanced Photon Source, Argonne National Laboratory, 9700 S. Cass Ave., Argonne, Il. 60439
Parametric Down conversion (pdc) of light is the spontaneous decay of one photon (“pump”) into a pair
of entangled photons (“signal” and “idler”) in a nonlinear optical medium. It is widely used for tests of
the quantum theory, quantum communication and computation, etc. The effect occurs also with x-rays,
but it is very hard to detect due to the generally much weaker optical nonlinearities at these wavelengths.
After a first publication [1], which was met with some skepticism, stronger evidence for x-ray pdc was
given many years later [2, 3, 4, 5]. In all these experiments, almost-free electrons (on the scale of the
x-ray photon energy) in crystals of beryllium or diamond provide a second-order nonlinearity. The crystal
structure leads to diffraction, which couples longitudinal second-order nonlinear currents to transverse
components of the outgoing waves.
Results are shown, and the technique of combined time and photon-energy correlation in a customdesigned digital circuit [6] is outlined, which permitted the detection of x-ray pdc events down to the level
of about 1 in 1015 incident x-ray photons.
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Figure 1: Left: The experimental setup for detecting coincident photons due to pdc in a diamond sample.
Right: A time-correlation spectrum of energy-selected photons showing a coincidence peak due to pdc
with 22-keV pump photons incident on a diamond sample at a flux of 2.5 · 1012 /s.
In a more recent experiment (unpublished), entire oscilloscope traces of detector outputs were recorded
to extract timing and photon energies, as well as to reject any spurious events, which might be mistaken
for photon coincidences.

References
[1] P. Eisenberger and S.L. McCall. X-ray parametric conversion. Phys. Rev. Lett., 26:684–688, 1971.
[2] Y. Yoda, T. Suzuki, X.-W. Zhang, K. Hirano, and S. Kikuta. Parametric down conversion of x-rays. J.
Synchrotron Rad., 5:980–982, 1998.
[3] B. Adams, P. Fernandez, W.-K. Lee, G. Materlik, D.M. Mills, and D.V. Novikov. Parametric down conversion
of x-ray photons. J. Synchrotron Rad., 7:81–88, 2000.
[4] B. Adams, Y. Nishino, D.V. Novikov, G. Materlik, and D.M. Mills. Parametric down conversion of x-rays,
recent experiments. Nucl. Instrum. Methods A, 467:1019–1020, 2001.
[5] B.W. Adams, editor. Nonlinear Optics, Quantum Optics and Ultrafast Pheneomena with x-rays. Kluwer Acad.
Publishers, Boston, 2003.
[6] B. Adams. A time- and energy-resolving, multichannel event logger. Rev. Sci. Instrum., 74:1128–1134, 2003.
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Dicke superradiance and Anderson localization of photons
1

E. Akkermans1,2

Department of Applied Physics and Physics, Yale University, USA
2
Department of Physics, Technion-Israel Institute of Technology, Israel
It is generally accepted that coherent multiple scattering of photons in a gas of randomly distributed atoms leads eventually, for a strong enough disorder, to a localized phase where photons are
trapped within the gas for extremely long times. The main characteristics of this zero temperature
phase transition named after P.W. Anderson are well known and they will be briefly presented. In
an atomic gas, however, there exist cooperative effects which change considerably the photon escape
rates and the long range atomic dipolar interactions. The resulting enhanced (superradiance) or
decreased (subradiance) emission thus competes with localization effects which are very sensitive
to long range correlations between scatterers. The purpose of this talk is to compare the two phenomena and to show that for strong enough disorder, photons become localized but this localization
appears as a smooth crossover which is primarily determined by cooperative effects rather than by
disorder. This crossover is studied in detail using a universal scaling function whose behavior is
obtained both from a microscopic analysis and from a modified stochastic Markov process which
shares a lot of similarities with ”small world networks” well documented in statistical mechanics.
Finally, the case of a one-dimensional gas is studied and a different scaling behavior shows up, for
which the single atom limit is never reached and photons are always localized within the atomic gas.
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Quantum Dynamics of Attractive Bose Gases
Ofir E. Alon, Alexej I. Streltsov, and Lorenz S. Cederbaum
Theoretische Chemie, Physikalisch-Chemisches Institut, Universität Heidelberg,
Im Neuenheimer Feld 229, D-69120 Heidelberg, Germany

The dynamics of attractive ultracold bosonic clouds in one dimension is studied by solving
the many-body time-dependent Schrödinger equation. In contrast to the ground state
which is of relatively simple nature for the attractive particles which like to be “together”,
the dynamics is very rich and exhibits phenomena where the particles like to “separate”.
The method of computation [1] is briefly introduced and several of the new phenomena
are discussed. For instance, an initially coherent wavepacket can dynamically dissociate
into two parts when its energy exceeds a threshold value. Noticeably, the time-dependent
Gross-Pitaevskii theory does not show up the splitting. The split object possesses remarkable properties; in particular, it is macroscopically fragmented. We termed it: Fragmenton. A simple static model predicts the existence of fragmented excited states responsible
for the formation and dynamics of fragmentons [2].
Another interesting scenario is of two initially-independent condensates which are allowed to expand and overlap. The density of two such condensates shows interferences
as a function of time due to interparticle interaction. The mechanism behind the phenomenon is discussed. For two initially-independent condensates made of the same kind
of atoms, coherence can develop due to interaction between them. The build-up of coherence depends strongly on time and other parameters of each condensate [3].

[1] A. I. Streltsov, O. E. Alon, and L. S. Cederbaum, Phys. Rev. Lett 99, 030402 (2007); O. E.
Alon, A. I. Streltsov, and L. S. Cederbaum, Phys. Rev. A 77, 033613 (2008).
[2] A. I. Streltsov, O. E. Alon, and L. S. Cederbaum, Phys. Rev. Lett. 100, 130401 (2008).
[3] L. S. Cederbaum, A. I. Streltsov, Y. B. Band, and O. E. Alon, Phys. Rev. Lett. 98,
110405 (2007); O. E. Alon, A. I. Streltsov, and L. S. Cederbaum, Phys. Lett. A (2008),
doi:10.1016/j.physleta.2008.11.037 .
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Strong coupling between one atom and a microtoroidal
resonator
Takao Aokia, Barak Dayanb, A. S. Parkinsc, D. J. Alton, C. A. Regal, S. Kelber
and H. J. Kimble
Norman Bridge Laboratory of Physics 12-33,
California Institute of Technology, Pasadena, California 91125, USA
E. P. Ostby and K. J. Vahala
T. J. Watson Laboratory of Applied Physics,
California Institute of Technology, Pasadena, California 91125, USA
Abstract: We observe strong coupling between individual Cesium atoms and the
field of a microtoroidal cavity monolithically fabricated on a Silicon chip.
Cavity quantum electrodynamics with systems of single localized atoms strongly coupled
to Fabry-Perot cavities have offered significant advances in the studies of quantum optics
and quantum information science. In order to overcome the inherent limitation of these
conventional cavities for scaling to large numbers, developments of alternative types of
cavities have been pursued. Here we show strong coupling between individual Cesium
atoms and the evanescent field of a silica microtoroidal cavity mode[1].
Microtoroidal resonators are monolithically fabricated on a Silicon chip[2]. A probe
beam is critically coupled to one particular resonator via a tapered fiber and leaves nearly
zero forward propagating power PF in the fiber for the probe frequency ωp equal to the
cavity resonance ωc. Cesium atoms are laser cooled and trapped above the chip and
dropped onto the resonator, with some small number of atoms transiting through the
evanescent field of the resonator. The individual transit events are observed as increases
in PF caused by the destruction of critical coupling due to atom-cavity coupling. From the
measurement of these transit events as a function of the frequency detuning between the
atom and the cavity, we infer the atom-cavity coupling rate and confirm that the strong
coupling has been achieved.
a
b
c

Permanent address: Department of Physics, Graduate School of Science, Kyoto University, Kyoto, Japan
Permanent address: Department of Chemical Physics, Weizmann Institute of Science, Rehovot, Israel
Permanent address: Department of Physics, University of Auckland, Auckland, New Zealand
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1. T. Aoki et al., “Observation of strong coupling between one atom and a monolithic microresonator”,
Nature 443, 671 (2006).
2. D. K. Armani, T. J. Kippenberg, S. M. Spillane, and K. J. Vahala, “Ultra-high-Q toroid microcavity
on a chip”, Nature 421, 925 (2003).

PQE-2009

60

Nonlocal mechanics, environment induced coherence, and decoherence
free states of an oscillator strongly coupled to the bath
D. Segale, I. Goldschleger and V. A. Apkarian
Department of Chemistry UCI, Irvine, CA 92697-2025
e-mail: aapkaria@uci.edu
Time-frequency resolved, multicolor four-wave mixing measurements (in as many as four colors)
are used to prepare two vibrational packets on the electronically excited B-state of iodine in solid
Krypton. We then monitor electronically resonant coherent Raman scattering between the
packets, to reconstruct their cross-coherence. The Measurement allows reconstruction of the
vibrational density in phase-space and provides a detailed track of the mechanics of decoherence.
The measurements clearly illustrate nonlocal vibrational mechanics – one packet drives the cage
while the other follows – and the establishment a common bath through which the two packets
communicate. We can observe coherent dissipation and event-driven decoherence. As the energy
overlap of the preparation between packets is reduced, their cross-coherence is immediately
destroyed, however coherence echoes can be observed with timing strictly dependent on
recurrences in the bath – not the system. When prepared with spectrally broad pulses, a coherent
spiral state (a phase ordered vibrational superposition) is generated upon the first dissipative
recoil of the packet. The spiral state, with its stationary marginals, evolves decoherence free and
with greatly reduced dissipation rate. The observations provide general principles for the
preparation of decoherence free vibrational einstates of a system strongly coupled to its bath.
Wigner representation of a vibrational
coherent spiral state in phase space.
Note, this is a non-stationary, noneigenestate, however its marginals,
both along p and q, are stationary. The
latter is key to its decoherence-free
nature.
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Startup of the LCLS Free Electron Laser and plans for soft X-ray
science in 2009
John Arthur
SLAC National Accelerator Laboratory
Menlo Park, CA 94025
The Linac Coherent Light Source (LCLS) is a free-electron laser (FEL) driven by
multi-GeV electrons accelerated by the SLAC linear accelerator. LCLS is now in
the final stages of construction, and expects to begin producing soft X-ray FEL
radiation in the summer of 2009. The entire LCLS electron system is complete
and is now being commissioned. Performance so far has been very good, with
all design goals having been met. Installation and commissioning of the X-ray
optics and the first experimental station will take place during the first six months
of 2009. Then LCLS experimental operations will commence with a number of
studies of the interaction between high-intensity soft X-ray pulses and atoms,
molecules, and clusters in the gas phase. By 2010, FEL operation throughout
the design wavelength range of 0.15nm – 1.5nm is anticipated. Instrumentation
will be added over the next few years to enable a full range of soft and hard X-ray
science utilizing the key attributes of the FEL radiation: femtosecond pulse
length, extremely high pulse intensity, and high spatial coherence.

PQE-2009

63

Laser-Cooling of Micromechanical Resonators in a
Cryogenic Cavity
Simon Gröblacher1, Michael J. Vanner1, Jared Hertzberg2, Sylvain Gigan3, Keith Schwab2, Markus
1

Aspelmeyer
1

Institute for Quantum Optics and Quantum Information (IQOQI), Austrian Academy of Sciences, Boltzmanngasse 3, 1090 Vienna,
Austria
2

4

Department of Physics, Cornell University, Ithaca, NY 14853, USA

Laboratoire Photon et Matière, Ecole Superieure de Physique et de Chimie Industrielles,CNRS-UPRA0005, 10 rue Vauquelin, 75005
Paris, France
e-mail: markus.aspelmeyer@quantum.at

Massive mechanical resonators are now approaching the quantum regime [1]. This opens up not only a
spectrum of new applications but also a previously inaccessible parameter range for macroscopic quantum
experiments on systems consisting of up to 1020 atoms.
Quantum optics provides a rich toolbox to prepare and detect quantum states of mechanical systems, in
particular by combining nano- and micromechanical resonators with high-finesse cavities. I will report on our
recent experiments in Vienna on laser cooling micromechanical systems towards the quantum ground state by
using radiation pressure [2, 3]. I will also discuss the prospects and experimental challenges of generating
optomechanical entanglement [4,5], which is at the heart of Schrödinger’s cat paradox.
[1] M. Aspelmeyer and K. Schwab (Eds.), Mechanical Systems at the Quantum Limit,, New J. Phys. 10, 095001 (2008)
[2] S. Gigan et al.,”Self-cooling of a micro-mirror by radiation pressure”, Nature 444, 67 (2006)
[3] S. Gröblacher et al., “Radiation-pressure self-cooling of a micromirror in a cryogenic environment”, Eur. Phys. Lett. 81, 54003 (2008)
[4] D. Vitali et al., “Optomechanical entanglement between a movable mirror and a cavity field”, Phys. Rev. Lett. 98, 030405 (2007)
[5] K. Hammerer et al., “Quantum Interface for Nanomechanics and Atomic Ensembles”, arXiv:0804.3005v1 [quant-ph] (2008)
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All-optical switch inside a hollow-core
photonic-crystal fiber
M. Bajcsy,1 S. Hofferberth,1 V. Balic,1 T. Peyronel,2 A. S. Zibrov,1
V. Vuletic,2 M. Lukin1
1

Department of Physics, Harvard University, Cambridge, MA 02138
2

Department of Physics, MIT, Cambridge, MA 02139

Cold atoms confined inside a hollow-core photonic-crystal fiber with core diameters of a
few photon wavelengths are a promising medium for studying nonlinear optical interactions at
extremely low light levels. The high electric field intensity per photon and interaction lengths
not limited by diffraction are some of the unique features of this system. Here, we present the
results of our first nonlinear optics experiments in this system including a demonstration of an
all-optical switch that is activated at energies corresponding to few hundred optical photons per
pulse.
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Super-resolution imaging using single spins in diamond
Gopalakrishnan Balasubramanian,
Universitaet Stuttgart, GERMANY.

Single Nitrogen-Vacancy color centers in diamond are gaining popularity because of its
exceptional optical and spin properties. The single spin of the defect can be manipulated
optically, providing a efficient way to entangle single electron spins and couple nuclear spins
qubits in diamond.[1,2] Long spin coherence time of these single defects finds application as
sensitive magnetic field probes. Using engineered diamond we can achieve ultrahigh sensitivity
using which we will be able to detect a single external electron or nuclear spin.[3]
Controlled creation of these color centers inside nanodiamonds offers diverse applications. By
attaching these single spins to the tip of a scanning probe, we were able to perform sensitive
scanning probe magnetometry at nanoscale.[4] Improving this device by using quantum grade
diamond and synchronized NMR pulse sequences we would have the ability to perform
nanoscale NMR/MRI of single molecules. We have demonstrated super resolution optical
imaging using these optically active spin labels which has potential applications in tracking
maro-molecules with nanoscale accuracy in living cells.
[1] Gaebel, T. et al. Room-temperature coherent coupling of single spins in diamond. Nature Phys. 2, 408–413
(2006).
[2] Neumann, P. et al. Multipartite Entanglement Among Single Spins in Diamond. Science 320, 1326-1329 (2008).
[3] Maze, J. R. et al. Nanoscale magnetic sensing with an individual electronic spin in diamond. Nature 455, 644647(2008).
[4] Balasubramanian, G. et al. Nanoscale imaging magnetometry with diamond spins under ambient conditions.
Nature 455, 648-651(2008).
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Dynamic Decoherence Control in BEC Setups
Nir Bar-Gill, Eitan E. Rowen, Gershon Kurizki and Nir Davidson
Weizmann Institute of Science, Rehovot 76100, Israel

remaining coherent fraction

Relaxation and decoherence of excited quantum states, caused by their coupling to the environment, is a ubiquitous phenomenon. In this work study this decay and its control in the context
of well-controlled BEC setups.
First, we analyze both experimentally and theoretically, the short-time decay of a quasi-particle
excitation of a condensate in a 1D optical lattice (Fig. 1(a)). Due to the nature of the BEC, which
acts as a reservoir for the excitation, non-exponential decay is significant. This allows for the
short-time control of decay through reservoir engineering, that is by changing the depth of the
optical lattice. It can be shown that for deep lattices, standard exponential decay (Golden Rule
theory) predicts strictly no decay. However, the universal theory [1] and the measured results (Fig.
1(b)) exhibit an increase in the decay as the lattice depth increases.
1

experimental data
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Figure 1: (a) Schematic view of the experimental setup. (b) Measured and calculated surviving
fraction of coherent atoms, as a function of lattice depth. (c) Decay control for an interacting
system in the presence of a Markovian thermal bath. (d) Schematic of a proposed realization of
the tunneling modulation scheme using a two-component BEC and Raman coupling.
Second, we study the control of dephasing and decoherence in a double-well BEC setup, through
periodic modulation of the system Hamiltonian. An initially coherent state created between the
two wells will lose coherence as a function of time due to both thermal and many-body effects. We
propose to inhibit the loss of coherence by modulation of the tunneling barrier between the wells
(Fig. 1, (c) and (d)). We find non-trivial many-body effects, such as suppression of decoherence
in a Markovian reservoir. We also study control using an energy-modulation scheme, which is well
suited for existing double-well experiments [2].
[1] A. G. Kofman and G. Kurizki. Nature, 405:546–550, 2000.
[2] M. Albiez, R. Gati, J. Folling, S. Hunsmann, M. Cristiani, and M.K. Oberthaler. Phys. Rev.
Lett., 95:010402, 2005.
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Unified theory of classical and quantum ghost imaging
Baris I. Erkmen1,2 and Jeﬀrey H. Shapiro

Research Laboratory of Electronics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
1 baris.i.erkmen@jpl.nasa.gov

Abstract: The Gaussian-state framework for studying pseudothermal and biphoton-state ghost
imaging is introduced. The resolution, ﬁeld-of-view and signal-to-noise ratio for the two ghost
imaging systems are compared.
Ghost imaging is the acquisition of an object’s transmittance pattern by means of photocurrent correlation
measurements [1]. In the lensless ghost imaging conﬁguration shown in Fig. 1, a classical or quantum source
generates two highly-correlated optical ﬁelds, referred to as signal (S) and reference (R). These source-plane
ﬁelds both undergo quasimonochromatic, paraxial diﬀraction over equal-length free-space paths [2]. The
diﬀracted signal-arm ﬁeld illuminates a quantum-limited pinhole photodetector whose photosensitive region
is centered at the transverse coordinate ρ1 , while the diﬀracted reference-arm ﬁeld illuminates a transmission
mask that is located immediately in front of a quantum-limited bucket photodetector. The ghost image at
the transverse coordinate ρ1 is formed by time-averaging the product of the detector photocurrents via the
correlator block. The image obtained by this procedure has been called a “ghost image,” because the bucket
detector that captures the optical ﬁeld which illuminated the transmission mask has no spatial resolution,
and the pinhole detector measures a ﬁeld that never interacted with the mask.
In this talk, the theory of ghost imaging with pseudothermal and biphoton-state light is treated in a uniﬁed
Gaussian-state framework, which facilitates a complete understanding of the boundary between classical and
quantum behavior in such systems. Our analysis builds on mean and variance expressions for the output of
the correlator block, in terms of the phase-insensitive and phase-sensitive correlation functions of the (zeromean) jointly-Gaussian state of the source ﬁelds. These expressions then lead to resolution, ﬁeld-of-view and
signal-to-noise ratio predictions for the two ghost imaging systems under consideration [3, 4].
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Jˆ(
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L -m free space
propagation
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Bucket detector (fixed)
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Fig. 1. A lensless ghost imaging configuration.

This work was supported by the DARPA Quantum Sensors Program, the U.S. Army Research Oﬃce, and
the W. M. Keck Foundation Center for Extreme Quantum Information Theory.
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Cavity QED and Spectroscopy with Rydberg Atoms
Th. Becker, P. Thoumany, G. Stania, L. Urbonas and T. Hänsch
Max Planck Institute for Quantum Optics
Hans Kopfermann Str. 1
Garching, Germany
In this talk, recent experiments in the micromaser setup in Garching will
be reviewed. In the micromaser, the interaction of Rydberg atoms with a
single mode field in a superconducting cavity is investigated[1], [2].
As Rydberg atoms have become an essential tool in many areas of physics,
improvements in excitation and detection techniques and especially methods
to stabilize lasers to specific Rydberg transitions are important in many experiments. In most experiments destructive methods are used, where the
optically excited Rydberg atoms are first ionized followed by a electronic
detection of the ionization products. Among these, state selective field ionization in a static electric field is the most common technique as it combines a
high detection efficiency with the possibility to discriminate between different
Rydberg states[3].
We have demonstrated a new scheme of purely optical spectroscopy of
Rubidium Rydberg states with a UV laser at 297 nm. A diode laser, tuned
to the strong D2 line of Rubidium 85 is used to detect Rydberg transitions
in a scheme similar to electron shelving in single trapped ions. We use this
scheme to perform a simple frequency stabilization of the UV laser to specific Rydberg lines. We discuss possible extensions of this idea to different
excitation schemes and microwave spectroscopy [4].
The control of magnetic fields in an experimental region is an important
issue in many setups. New experiments, which allow the control of magnetic
fields on the µG level will be presented
Combining these new schemes with a high Q cavity allows us to improve
recent experiments with the micromaser setup. We will discuss the current
status of the experiments and perspectives for experiments with bistable
cavity states.
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Terahertz studies of collective excitations and microscopic physics in
semiconductor magneto-plasmas
A. A. Belyanin,1 X. Wang,2 S. A. Crooker,3 D. M. Mittleman,2 and J. Kono2
1
Department of Physics, Texas A&M University, College Station, Texas 77843
2
Department of Electrical and Computer Engineering, Rice University, Houston, Texas 77005
3
National High Magnetic Field Laboratory, Los Alamos, New Mexico 87545
E-mail: belyanin@tamu.edu, kono@rice.edu

Terahertz probing of lightly-doped narrow-gap semiconductors in magnetic fields reveals an extremely rich and
non-trivial dynamics of collective excitations in free-carrier magneto-plasmas and their interactions with
impurities and lattice vibrations. In our samples, in a modest magnetic field of a few Tesla, several relevant
energy and frequency scales (the cyclotron frequency, the plasma frequency, the Fermi energy, the carrier
scattering rate, intra-donor transition energies, phonon energies, etc.) can all be in the same meV photon-energy
range, or the THz frequency range (1 THz = 4.1 meV). We compare the results of theoretical and experimental
studies of the transmission of linearly polarized THz pulses through lightly n-doped InSb samples in the Faraday
geometry over the broad range of temperatures from 1.6 to 300 K, frequencies from 0.1 to 2.6 THz, and
magnetic fields from 0 to 2 T. Calculated THz transmittance spectra are in excellent agreement with
experimental data, as shown in Fig. 1. The complex interference structure resulting from coherent superposition
of right and left circularly polarized normal modes is very sensitive to the electron scattering rate and the
densities of free and bound electrons. This allows us to extract quantitative information about the dependence of
the electron scattering rate on the magnetic field and temperature in both classical and quantum regimes, the
magnetic freeze-out of electrons, and the thermal excitation of intrinsic carriers. Unexpectedly, the latter
phenomenon in combination with an interference of the normal modes gives rise to a transparency band within a
narrow temperature region (160-190 K), over a frequency range of 0.1-0.8 THz where the sample was expected
to be completely featureless; see Fig. 1k,l. Transmittance spectra at lowest temperatures (1.6 K) present
intriguing evidence for a metal-insulator transition that occurs at around 0.7 T in the lowest-doped samples.
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Fig. 1. Measured (a-e) and calculated (f-j) THz transmittance spectra of n-InSb at five magnetic fields 0, 0.25, 0.5, 1, and
1.5 T at a temperature of 40 K. Measured (k) and calculated (l) transmittance at 0.3 THz and in a magnetic field of 0.9
Tesla as a function of temperature.
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What Hollow-Core Photonic Crystal Fiber brought to Coherent Stimulated
Raman Scattering
F. Benabid, F. Couny and Y. Y. Wang
Centre for Photonics and Photonic Materials, Physics department, University of Bath, Bath, BA2 7AY, UK
f.benabid@bath.ac.uk

Abstract: We review the major results in low light-level stimulated Raman scattering (SRS) using hydrogen-filled hollow-core photonic crystal
fibers. A historical perspective will be given, spanning from the first demonstration of SRS to the recent generation of multi-octave frequency comblike based on coherent SRS. We conclude with the possible prospects offered by this new route to the field of attoscience and to optical waveform
synthesis.

The first report on applications of low-loss hollow-core photonic crystal fiber (HC-PCF) consists of the demonstration of
stimulated Raman scattering (SRS) in ~1 m HC-PCF whose core was filled with hydrogen [1]. In this work a Kagomelattice HC-PCF has been used and vibrational SRS has been obtained with pump threshold of only 800 nJ. This
demonstration opened new prospects in a number of fields including low light-level nonlinear optics [2]. Furthermore,
since this demonstration the threshold was decreased even further with the use of ultra-low loss photonic bandgap (PBG)
HC-PCF [3]. In this work, a 35 m of hydrogen-filled PBG fiber whose bandwidth is centered around 1064 nm and
transmission loss is 70 dB/km was used to generate rotational SRS with peak power threshold of only ~4 W.
Furthermore, with judicious choice of the fiber length, pump power and polarization a near-quantum limit conversion to
the Stokes was observed. Finally, in this pursuit of lowering the power required for SRS generation, a Stokes generation
excited with CW laser pump was demonstrated in all-fiber system [4] (see figure)In addition to the reduction of the
pump threshold, the use of long interaction length offered by HC-PCF, the regime of the Stokes amplification is also
significantly altered [5]. Indeed, thanks to the strong confinement and the long interaction length, transient SRS can be
obtained can be obtained with lower powers and large pump pulses (several times the dephasing time of the Raman
medium. Recently, this has been exploited to generate multi-octave coherent SRS comb in hydrogen [6] .

Figure: Two classes of HC-PCF: (A) SEM of PBG HC-PCF; (B) SEM of inhibited-coupling Kagome HC-PCF. CW-pumped Raman laser: (A) the
profile of the diffracted H2-filled PBG HC-PCF laser output as the pump power is increased. (B) spectrum of the pump power (C) spectrum of the laser
output with the pump power converted to the Stokes line. Multi-octave coherent SRS: generated spectrum H2-filled Kagome HC-PCF when vibrational
SRS is excited (A) and when ro-vibrational SRS is excited (B). (C) Interference patterns between the Raman components generated in two different
H2-filled HC-PCF when excited with the same pump.
F. Benabid, J. C. Knight, G. Antonopoulos, and P. S. J. Russell, "Stimulated Raman Scattering in Hydrogen-Filled Hollow-Core Photonic Crystal
Fiber," Science 298, 399-402 (2002).
F. Benabid, "hollow-core photonic bandgap fibres: new guidance for new science and technology," Phil. Tran. R. Soc. A 364, 3439-3462 (2006).
F. Benabid, G. Bouwmans, J. C. Knight, P. S. J. Russell, and F. Couny, "Ultra-high efficiency laser wavelength conversion in gas-filled hollow core
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Science 318 (2007).

PQE-2009

71

High Tc superfluidity in bilayer graphene
R. Bistritzer,1 H. Min,2 J. J. Su,1 and A.H. MacDonald1
1

Department of Physics, The University of Texas at Austin, Austin Texas 78712
2
Center for Nanoscale Science and Technology,
National Institute of Standards and Technology, Gaithersburg, Maryland 20899-6202, USA
We predict a high temperature superfluid state in bilayer graphene that emerges due to electronhole pair condensation and study the influence of disorder and screening on the bilayer mean field
and Kosterlitz-Thouless critical temperatures.

Superconductivity is a spectacular and useful condensed matter phenomena. Unfortunately its occurrence
has so far been limited to relatively low temperatures, even in the case of high-Tc materials. Here we propose bilayer graphene as an attractive candidate for supporting dissipationless currents at unprecedented
high temperatures that may even reach room temperature under favorable experimental conditions.
Phase diagram—Using the self consistent Hartree-Fock mean field theory we find the dependence of
the Kosterlitz-Thouless temperature TKT on the distance between layers d and the external electric field
Eext used to induce charge transfer between the graphene sheets and create an electron-hole fluid.
Disorder—The inevitable disorder present in the bilayer system will reduce the mean field critical
temperature Tc . Nevertheless we find that interlayer coherence survives as long as
1
πd2
where ni is the impurity density and n is the carrier density induced by the external electric field.
Furthermore we numerically find the influence of disorder on TKT .
Screening—Screening of the interlayer interaction is expected to decrease both Tc and TKT . Using
the Thomas-Fermi approximation we find two distinct solutions for the critical temperature, a low Tc
solution and a high Tc solution. We predict that the low Tc solution is never physically realized and
predict a first order phase transition between a state with no inter-layer coherence and the high Tc state.
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FIG. 1: LEFT: Normal to superfluid phase diagram showing the dependence of the Kosterlitz-Thouless temperature on the distance between layers d and external electric field Eext . RIGHT: KT temperature vs. disorder
strength. Disorder is parameterized by α = 1/2τS Tc0 where τs is the single particle relaxation time in each
layer and Tc0 is the mean field critical temperature of a clean system. The solid line in this figure corresponds
to the clean system and the broken lines correspond to (top to bottom) α = 0.1, 0.5, 0.8. In graphene bilayers
²F /Tc0 ∼ 10kF d in the strongly interacting regime.
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Slow and Fast Light: Fundamentals and Applications
Robert W. Boyd
The Institute of Optics and Department of Physics and Astronomy
University of Rochester, Rochester, NY 14627 USA
For the past decade or more, the optical physics community has been fascinated
by the related phenomena of slow and fast light. These names are taken to refer to
situations in which the group velocity (roughly, the velocity at which light pulses
propagate through a material system) is very much different from the vacuum speed of
light c.
Several of the early stunning demonstrations of slow and fast light made use of
atomic media. More recently, it has been realized that extreme values of the group
velocity can also be realized in room-temperature solid-state materials, which are more
suited for many practical applications.
In this presentation, we will review some of the physical mechanisms that can be used
to induce slow- and fast-light effects in room temperature solids [1-3], and will describe
the variety of propagation effects that can thereby be observed [4]. We will also present
some ideas for applications of slow light within the fields of quantum electronics and
photonics [5-7].

1. Observation of Ultra-Slow Light Propagation in a Ruby Crystal at Room Temperature M. S.
Bigelow, N. N. Lepeshkin, R. W. Boyd, Phys. Rev. Lett. 90, 113903 (2003).
2. Superluminal and Slow Light Propagation in a Room-Temperature Solid, M. S. Bigelow, N.
N. Lepeshkin, and R. W. Boyd, Science 301, 200 (2003).
3. Tunable all-optical delays via Brillouin slow light in an optical fiber, Y. Okawachi, M. S.
Bigelow, J. E. Sharping, Z. Zhu, A. Schweinsberg, D. J. Gauthier, R. W. Boyd, and A. L.
Gaeta, Phys. Rev. Lett. 94, 153902 (2005).
4. Observation of Backward Pulse Propagation Through a Medium with a Negative Group
Velocity, G. M. Gehring, A. Schweinsberg, C. Barsi, N. Kostinski, R. W. Boyd, Science 312,
985 (2006).
5. Enhancing the spectral sensitivity of interferometers using slow-light media, Z. Shi, R.W.
Boyd, D. J. Gauthier, and C.C. Dudley, Opt. Lett. 32, 915 (2007).
6. Slow-Light Fourier Transform Interferometer, Z. Shi, R. W. Boyd, R. M. Camacho, P. K.
Vudyasetu, and J. C. Howell, Phys, Rev. Lett. 99, 240801 (2007).
7. Stored Light in an Optical Fiber via Stimulated Brillouin Scattering, Z. Zhu, D. J. Gauthier,
and R. W. Boyd, Science 318, 1748 (2007).
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Abstract
Abstract submitted to 39th Winter Colloquium on the Physics of
Quantum Electronics for session on Quantum Information Processing,
Snowbird, Utah, 4-8 January 2009
Quantum Computational Geodesics
Howard E. Brandt
U.S. Army Research Laboratory
The purpose of this paper is to mathematically elaborate characteristics of a geodesic equation describing locally minimum complexity paths
in the special unitary group manifold representing the unitary evolution
of n qubits associated with a quantum computation [1]. The geodesic
equation is a nonlinear di¤erential matrix equation of the Lax type. Simple solutions are elaborated for the case of three qubits. Also a detailed
derivation is given of the Riemann curvature and sectional curvature on
the associated Riemannian manifold. This is germane to the existence of
possible conjugate points and possible globally optimum geodesic paths.
[1] M. R. Dowling and M. A. Nielsen, arXiv-quant-ph/0701004.

1

PQE-2009

74

Entanglement in biological systems? - A quantum thermodynamic
perspective
Hans J. Briegel1,2, Jianming Cai1,2, and Sandu Popescu3,4
2

1
Institut für Theoretische Physik, Universität Innsbruck, Technikerstraße 25, A-6020 Innsbruck, Austria
Institut für Quantenoptik und Quanteninformation der Österreichischen Akademie der Wissenschaften, Innsbruck, Austria
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We discuss the possibility of existence of entanglement in biological systems. Our arguments centre
on the fact that biological systems are thermodynamic open driven systems far from equilibrium. In
such systems error correction can occur which may maintain entanglement despite high levels of decoherence.
Specifically, we demonstrate that entanglement can persistently recur in an oscillating two-spin
molecule that is coupled to a hot and noisy environment, in which no static entanglement can survive.
The system represents a non-equilibrium quantum system which, driven through the oscillatory
motion, is prevented from reaching its (separable) thermal equilibrium state. Environmental noise,
together with the driven motion, plays a constructive role by periodically resetting the system, even
though it will destroy entanglement as usual. As a building block, the present simple mechanism
supports the perspective that entanglement can exist also in systems which are exposed to a hot
environment and to high levels of de-coherence, which we expect e.g. for biological systems.
Experimental simulation of our model with trapped ions is within reach of the current state-of-the-art
quantum technologies.
Literature:
[1] J. Cai, S. Popescu, H.J. Briegel, arXiv:0809.4906.
[2] H.J. Briegel, S. Popescu, arXiv:0806.4552.
[3] L. Hartmann, W. Dür, H.J. Briegel, Phys. Rev. A 74, 052304 (2006).
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The joy and utility of high-order atomic and nuclear polarization moments
D. Budker and S. M. Rochester
Department of Physics, University of California at Berkeley,
Berkeley, CA 94720-7300, USA
and
Nuclear Science Division, Lawrence Berkeley National Laboratory,
1 Cyclotron Rd, Berkeley, CA 94720, USA
In this talk, we will discuss alignment (rank-two) and higher-order polarization moments
characterizing atomic or nuclear polarization. It is possible to selectively excite and detect
specific polarization moments using methods that take advantage of their spatial symmetry (see Ref. [1] and references therein). The angular-momentum probability distribution
for a polarization moment of rank κ could have up to κ-fold rotational symmetry with respect to an axis, and atomic polarization moments up to κ=6 (hexacontatetrapole) have
been prepared and detected using this property [2].
A utility of high-order polarization moments is that, in alkali atoms, for example, they
allow one to obtain magnetic-resonance signals that are insensitive to the nonlinear Zeeman effect [3]. Atomic magnetometers based on precession of polarized atoms in a magnetic field usually employ either orientation (κ=1) or alignment (κ=2) (see Review [4]). It
turns out that alignment-based scalar magnetometers are significantly less sensitive to the
so-called “heading errors” than their counterparts based on orientation [5].
In atomic physics, we often deal with transformation, due to the effect of external fields,
between different polarization moments, for example, alignment-to-orientation conversion (see Review [6] and references therein). It turns out that a very similar effect is also
at the core of nuclear quadrupole resonance [7].
This work has been supported by ONR and NGA.
[1] V.V. Yashchuk, D. Budker, W. Gawlik, D.F. Kimball, Yu. P. Malakyan, S.M. Rochester,
Phys. Rev. Lett. 90, 253001 (2003).
[2] S. Pustelny, D. F. Jackson Kimball, S. M. Rochester, V. V. Yashchuk, W. Gawlik, and D.
Budker, Phys. Rev. A 73, 023817 (2006).
[3] V. M. Acosta, M. Auzinsh, W. Gawlik, P. Grisins, J. M. Higbie, Derek F. Jackson Kimball,
L. Krzemien, M. P. Ledbetter, S. Pustelny, S. M. Rochester, V. V. Yashchuk, and D. Budker,
Optics Express 16(15), 11423-11430 (2008); see also animations linked from
http://budker.berkeley.edu/PubList.html .
[4] D. Budker and M. V. Romalis, Nature Physics 3, 227 - 234 (2007).
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Yashchuk, JOSA B 22(1), 7-20 (2005).
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(2003).
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The incredible many facets of a unitary Fermi gas
Aurel Bulgac
Deaprtment of Physics
University of Washington
Seattle, WA 98195−1560
If the average interparticle distance between fermions exceeds considerably the radius
of the interaction, and if the scattering length is larger than the average interparticle
separation, the properties of such fermion matter become universal. Under such conditions
low density neutron matter found in neutron stars has essentially identical properties to
cold atoms in traps. While the properties of neutron matter cannot be studied in the lab yet,
that is not the case for cold atoms. This system shares also a number of properties with
the high density phase of QCD, when quarks are deconfined. From the theoretical point of
view the dilute fermion system is particularly attractive, as in many cases one can aim
at a full and rather accurate solution of the Schrödinger equation either for the ground
state or at finite temperatures, using Quantum Monte Carlo (QMC) and Density Functional
Theory (DFT) techniques. This field became a beloved playing ground for many−body theorists,
since many old and new techniques can be accurately validated against exact results and
verified against accurate measurements. I shall present an overview of our current status
of the theory, in particular what we have learned so far using QMC and DFT techniques both
at zero and finite temperature, discuss the surprisingly rich phase diagram of such matter
and the relevance of this new knowledge to nuclear physics and astrophysics.
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Indirect Excitons
Leonid V. Butov
University of California at San Diego
Bound electron-hole pairs - excitons - are light Bose particles. They have a relatively
high temperature of quantum degeneracy of the order of a few Kelvin. Indirect excitons
in coupled quantum wells have long lifetimes and can cool down to temperatures well
below 1 Kelvin. This gives an opportunity to study cold exciton gases. We will present
studies of coherence, condensation, and ordering in cold exciton gases.
The indirect excitons are dipoles and their energy can be controlled by voltage. This
gives an opportunity to build devices, which operate with excitons in place of electrons.
We will present control of exciton fluxes in excitonic circuits.
The energy control by voltage also gives an opportunity to create a variety of potential
profiles for the indirect excitons and use them as a tool for studying the physics of
excitons. We will present studies of cold excitons in traps and lattices.
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Observation of ultra-long-range Rydberg molecules
Björn Butscher,1 Vera Bendkowsky,1 Johannes Nipper,1
James P. Shaffer,2 Robert Löw,1 and Tilman Pfau1
1 5.

2 University

Physikalisches Institut, Universität Stuttgart, Pfaffenwaldring 57, 70569 Stuttgart
of Oklahoma, Homer L. Dodge Department of Physics and Astronomy, Norman, OK, 73072

For highly excited Rydberg atoms, the separation of the Rydberg electron and the positively charged core can easily be on the order of the interparticle distance in an atomic gas.
At ultralow temperatures - in so-called frozen Rydberg gases - the scattering of the Rydberg
electron and a nearby polarizable ground state atom can generate an attractive potential
due to the negative scattering length which is able to bind the ground state atom to the
Rydberg atom at a well localized position within the Rydberg electron wave function [1].
The resulting giant molecules can have an internuclear separation of several thousand Bohr
radii, which places them among the largest known molecules to date. Their binding energies
are much smaller than the Kepler frequencies of the Rydberg electrons and thus the atomic
Rydberg electron state is essentially unchanged by the bound ground state atom.
Here we present spectroscopic data on the observation of vibrational ground and first
excited state of Rubidium dimers Rb(5S)-Rb(nS). We apply a Born-Oppenheimer model to
explain the measured binding energies for principal quantum numbers n between 34 and 40
and extract the s-wave scattering length for electron-Rb(5S) scattering in the relevant low
energy regime Ekin < 100 meV. Additionally, we determine the lifetimes and the polarizabilities of these molecules[2].

FIG. 1:

Spectra of the Rydberg states 35S to 37S. The overview spectra on the right side are centered around the atomic
Rydberg lines (5S, ms = 1/2) → (nS, ms = 1/2). The additional “shoulder” at ≈ −3MHz corresponds to the magnetic field
dependent transitions (5S, ms = 1/2) → (nS, ms = −1/2). On the left side, the observed molecular lines are shown at higher
resolution. We assign the left most line of each spectrum to the 3Σ(5S − nS)(ν = 0) bound state. Peaks marked by () are due
to p-wave scattering.

[1] C. H. Greene, A. S. Dickinson, and H. R. Sadeghpour, Phys. Rev. Lett. 85, 2458 (2000).
[2] V. Bendkowsky, B. Butscher, J. Nipper, J. P. Shaffer, R. Löw, and T. Pfau (2008), quantph/0809.2961.
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Robert L. Byer – PQE Conference – Title and Abstract

Laser driven Dielectric Accelerators; A Path toward Coherent Attosecond X-rays.
Robert L. Byer
Department of Applied Physics
SLAC National Accelerator Laboratory
Stanford University
rlbyer@stanford.edu

ABSTRACT
In 1947 W. W. Hansen and colleagues accelerated electrons with microwaves generated
from a Klystron. That work led to the 3km linear accelerator at the Stanford Linear
Accelerator Center completed in 1968.
In November 2005 we successfully accelerated electrons using a visible modelocked
laser source. Today we are conducting experiments at SLAC to develop photonicbandgap dielectric accelerator structures to efficiently couple laser radiation to
electrons. The dielectric structures allow accelerating gradients of 1GeV/meter in
structures that can be lithographically fabricated.
We have explored the possibility of generation coherent X-rays using a free electron laser
driven by a laser accelerator. The approach looks promising based on the replacement of
the traditional magnet undulator with a laser driven dielectric undulator. Progress toward
the accelerator and coherent X-ray source will be discussed.
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Quantum critical behavior in strongly interacting Rydberg gases
Hans Peter Büchler and Hendrik Weimer
Institute of Theoretical Physics III, Universität Stuttgart, 70550 Stuttgart, Germany

Robert Löw and Tilman Pfau
5. Physikalisches Institut, Universität Stuttgart, 70550 Stuttgart, Germany
We study the appearance of correlated many-body phenomena in an ensemble of atoms driven
resonantly into a strongly interacting Rydberg state. The ground state of the Hamiltonian describing
the driven system exhibits a second order quantum phase transition. We derive the critical theory
for the quantum phase transition and show that it describes the properties of the driven Rydberg
system in the saturated regime. We find that the suppression of Rydberg excitations known as
blockade phenomena exhibits an algebraic scaling law with a universal exponent.
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Quantum teleportation of the temporal correlations
of light: squeezing and bandwidth requirements
H. J. Carmichael and Changsuk Noh
Department of Physics, University of Auckland,
Private Bag 92019, Auckland, New Zealand
Telephone: +64 9 373 7599 ext 88899,
Fax: +64 9 373 7445, E-mail: h.carmichael@auckland.ac.nz

Abstract: Teleportation of a light beam including its temporal correlations is
proposed, where optical filtering of the output is the principal requirement.
Squeezing and bandwidth requirements for teleporting a nonclassical photon
stream are discussed.
Continuous variable quantum teleportation has been explored to date in the frequency domain only [1–4]. Experiments [1,2,4] filter in detection to reject the shot noise written through
Bob’s displacement onto the teleported light due to a mismatch between the squeezing spectrum and Alice’s measurement spectrum. Thus in these experiments the entire input beam,
including temporal correlations and photon statistics, is not reproduced at the teleporter
output. This talk addresses the question of whether such exact replication of the quantum
statistics is possible by optical filtering of the output light. The example of teleporting the
antibunched photon stream of resonance fluorescence demonstrates the possibilities (Fig. 1),
including the required levels of squeezing and relative bandwidths—e.g., the ratio, γB /γs , of
output filter bandwidth to the squeezing bandwidth.

Fig. 1. Teleportation of resonance fluorescence: (a) spectrum of the teleported light as a function of Rabi frequency for 0dB (upper surface) and 25dB (lower surface) line-center squeezing
and no filtering of the output light (squeezing bandwidth ten times the atomic linewidth);
second-order correlation function of the teleported light as a function of filter bandwidth for
46dB line-center squeezing and Rabi frequency Ω/γi = 6.
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Many Body Entangled Quantum Dynamics of Ultracold Molecules
Lincoln D. Carr and Michael L. Wall
Department of Physics, Colorado School of Mines, Golden, CO 80401, USA
In recent years, ultracold atomic gases have provided near perfect realizations of condensed matter
Hamiltonians, acting as quantum simulators that allow the study of complex condensed matter phenomena
in a clean and highly controllable environment. Ultracold polar molecular gases, which have recently been
brought to the edge of quantum degeneracy in their absolute ground state (1), offer additional features
over atomic gases, such as a large internal Hilbert space and a greater susceptibility to external fields via a
permanent electric dipole. There have been a number of proposals on how to use ultracold molecular gases
for mimicking well-known Hamiltonians such as spin-1 lattice models. Ultracold molecules have also been
suggested as a model system for the study of strongly correlated 2D quantum phases (2) or for quantum
information processing schemes (3). However, these proposals frequently involve complex and yet-to-be
implemented experimental techniques. In this presentation, we instead focus on the completely new quantum
many body physics which results naturally from the simplest quantum lattice experiments that can be
performed in the immediate future with established techniques in ultracold molecular quantum gases.
To this end, we derive a novel lattice Hamiltonian, the Molecular Hubbard Hamiltonian (MHH) (4),
which describes the essential many body physics of closed-shell ultracold heteronuclear molecules in their
absolute ground state in a quasi-one-dimensional optical lattice. The MHH is explicitly time-dependent,
making a dynamic generalization of the concept of quantum phase transitions necessary. Using the TimeEvolving Block Decimation (TEBD) algorithm to study entangled dynamics, we demonstrate that, in the
case of hard core bosonic molecules at half filling, the MHH exhibits an emergent time scale over which
spatial entanglement grows, crystalline order appears, and oscillations between rotational states self-damp
into an asymptotic superposition (4). We show that this time scale is a non-monotonic function of the
physical parameters describing the lattice. We also point out that experimental mapping of the static phase
boundaries of the MHH can be used to measure the molecular polarizability tensor.
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Figure 1: Left panel: Site-averaged population vs. rotational time for L = 21 sites. Note that the J, M =
0, 0 and J, M = 1, 0 rotational states converge to different fillings. Right panel: Dependence of spatial
entanglement Q on lattice height η. Note that the spatial entanglement and its associated time scale are not
monotonic functions of the lattice height. The time is scaled to the molecular rotatational frequency B/~.
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Nonlinear Phenomena in Bose-Einstein Condensates: Atomic Soliton Lasers and Beyond
Lincoln D. Carr
Department of Physics, Colorado School of Mines, Golden, CO 80401, USA
We present a selection of our recent results on nonlinear phenomena in Bose-Einstein condensates (1; 2;
3; 4; 5; 6). Mean field theory, represented by the nonlinear Schrodinger equation and its near relatives,
has been enormously successful in characterizing experiments, despite the complex quantum many body
dynamics underlying such a description. Semi-classical emergent phenomena in this quantum system include
bright and dark solitons, vortices and vortex lattices, and skyrmions and even more exotic objects in multicomponent condensates and in optical lattices. Experiments are on-going with many proposed applications
under development, such as the pulsed atomic soliton laser depicted below.
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Figure 1: Shown is the evolution of an attractive Bose-Einstein condensate into a pulsed atomic soliton laser
in terms of the density and phase along a two dimensional cut at y = 0. Modulational instability of the initial
density profile is seeded by self-interference of the order parameter, so that solitons form first at the cloud
edges and later towards the center. The latest, top panel, shows that a well-separated set of stable solitonic
pulses are produced. Note that, for N = 104 atoms, a = −3a0 , and a trap geometry of ωρ = 2π × 2.44 kHz,
ωz = 2πi × 2.26 Hz, the time units are scaled to 22 ms.
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Search for induced depletion of nuclear isomers
James J. Carroll
Department of Physics and Astronomy, Youngstown State University,
Youngstown, Ohio 44555
Tel: 330‐941‐3617, E‐mail: jjcarroll@cc.ysu.edu

Nuclear isomers are long‐lived excited states of atomic nuclei. The extended lifetimes of these
states result from hindrances in their decay rates due to large changes in angular momentum or, to a
lesser degree, from significant changes in the nuclear shape. In thirty‐two extreme cases, experiments
have identified isomeric states with half‐lives greater than a day, with the longest‐lived being the
“stable” isomer of 180Ta with T1/2 > 1015 years. Among those metastable isomers, the greatest energy is
stored by the second isomer of 178Hf (or 178m2Hf): this excited state lies at 2.45 MeV, corresponding to
more than a GigaJoule/gram intrinsic energy density, and has a half‐life of 31 years (see the review of
Ref. [1]).
The idea that nuclear isomers could serve as the basis for applications, perhaps even for a
gamma‐ray laser, was advanced many decades ago. However, the feasibility of such applications
remains an open question due to a lack of sufficient knowledge about the critical physical parameters:
1) the cross section and required energies/agents for processes that might permit an induced depletion
of isomeric populations to release the stored energy, and 2) the cross sections for processes that would
produce initial isomeric populations in sufficient numbers. The challenge to this field, therefore,
remains to obtain experimental measurements of these parameters [2], for which theoretical support is
largely lacking.
Induced depletion of an isomeric population was reported for 180mTa in 1989 and confirmed by
many studies over the following decade (see Ref. [3] and references therein). In the past two years,
isomeric depletion was also reported for 177mLu [4] and 68mCu [5]. Real photons in bremsstrahlung,
inelastic neutron scattering and virtual photons (via Coulomb excitation) were the causative agents,
respectively, in these demonstrations.
Further experimental efforts have been mounted as part of the Youngstown State University
Isomer Physics Project. The aim has been to provide improved measurements for additional nuclear
isomers, focusing most recently on 108mAg (T1/2 = 418 years), 166mHo (T1/2 = 1200 years) and higher‐energy
depletion processes in 178m2Hf. This paper will discuss the present state‐of‐the‐art in this field of
investigation, including recent spectroscopic and direct depletion tests for these isomers.
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Spontaneous emission of N atoms: many-body eigenstates and their decay
Anatoly A. Svidzinsky, Jun-Tao Chang and Marlan O. Scully
Institute for Quantum Studies and Department of Physics,
Texas A&M University, College Station TX 77843

We consider emission of a single photon from a cloud of N atoms (one atom is excited). For a
dense cloud the problem is reduced to finding eigenfunctions and eigenvalues of an integral equation
which we solve analytically for a spherical geometry.
(1)

Many-body effects in spontaneous emission from N atoms are a subject of current interest [1, 2]. We consider a system of N two level (a and b) atoms at positions rj , initially one of them is in the excited state
a and Ea − Eb = ℏω. Evolution of the atomic state
vector
Ψatom (t) =

N
X

where jk (z) and hk (z) are spherical Bessel functions.
In the small sample limit k0 R ≪ 1 Eqs. (3)-(5) yield
the following eigenvalues and eigenfunctions
λnl ≈ −

βj (t)|b1 b2 ...aj ...bN >

is described by equation with exponential kernel [2]
N
X
exp(ik0 |rj − rj ′ |)
βj ′ (t), (1)
k0 |rj − rj ′ |
′

j 6=j

where γ is the single atom decay rate and k0 = ω/c.
The problem of evolution of arbitrary initial state reduces to finding eigenfunctions and eigenvalues λn of
Eq. (1) which for a dense uniform atomic cloud of
volume V reads
Z
N
exp(ik0 |r − r′ |)
−iγ
β(r′ ) = λn β(r).
(2)
dr′
V
k0 |r − r′ |
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FIG. 1: Real part of eigenvalues for a system of N = 10000
atoms randomly distributed inside a sphere of radius k0 R =
20π.
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Eigenvalues λn are determined from Eq. for a
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Decay rate of an eigenstate n is given by Γn = Re(λn ),
while Im(λn ) yields the frequency shift. We find that
for spherical sample eigenfunctions of Eq. (2) are
β(r) = jn (ak0 r) Ynm (r̂),

(6)


r
βnlm (r) = jn Anl
Ynm (r̂),
(7)
R
where Anl are positive zeroes of the Bessel function
jn−1 (x). In particular, A0l = (2l−1)π/2 and A1l = πl,
l = 1, 2, 3 . . .. Eq. (6) shows that for k0 R ≪ 1 only
eigenvalues with n = 0 have large real part and decay
fast (Dicke superradiance [3]), while eigenvalues with
n > 0 are suppressed by a factor (k0 R)2n . Those states
are trapped.
Fig. 1 shows distribution of eigenvalues for a large
atomic sample with k0 R = 20π.

j=1

β̇j (t) = −γβj (t) + iγ

3iγN
6γN (k0 R)2n
,
+
A2nl k0 R A4nl [(2n − 1)!!]2
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OBSERVATION OF THE SUPERFLUID DECONFINEMENT
CROSSOVER FROM 2D BEREZINSKII-KOSTERLITZTHOULESS LAYERS TO A 3D ANISOTROPIC SUPERFLUID
HUI-CHUN CHIEN, AND MARK A. KASEVICH

Physics Department, Stanford University, Stanford, CA 94305

Although the past decade has seen significant advances in understanding the mechanism
for high-temperature superconductivity in the cuprates, a definitive understanding of
these materials remains elusive. There is recent evidence that electron pairing occurs at
temperatures above the observed superconducting transition temperatures. In this case,
superconductivity is associated with the phase ordering of adjacent layers of interacting
bosons. Such a system can be studied with ultra-cold bosonic atoms in a onedimensional optical lattice.

In this work, we use Bose-Einstein condensed 87Rb atoms confined in a far-detuned onedimensional optical lattice (1) to investigate superfluid deconfinement transition between
adjacent layers and crossover of deconfinement from insulating two-dimensional
Berezinskii-Kosterlitz-Thouless (BKT) layers (2,3) to a three dimensional anisotropic
superfluid. Using the renormalization group methods of Ref.4, we obtain quantitative
agreement with theory for the observed superfluid fraction and transition temperature as
a function of the tunable tunnel coupling between adjacent lattice planes. For deep
lattices, where tunneling between layers is frustrated, we observe universal BKT
behavior, as illustrated in Fig.1. In addition to interferometric probes of long range phase
order, we demonstrate superfluid flow with direct transport measurements. Finally, we
also observe the superfluid deconfinement transition as a first order transition.

1

PQE-2009

87

Novel Quantum Phases and Scalable Quantum Control of
Two Atomic Species in Optical Lattices
Cheng Chin
James Franck institute and Department of Physics, University of Chicago, Chicago, IL 60637

Abstract: We describe a novel scheme to implement scalable quantum information
processing based on ultracold 6Li and 133Cs ultracold atoms held in optical lattices [1].
The 6Li atoms will act as quantum bits (qubits) to store information, and 133Cs atoms will
serve as messenger bits that mediate entanglement between distant qubit atoms. Each
atomic species is held in a separate optical lattice and the atoms can be overlapped by
translating the lattices with respect to each other. When the messenger and qubit atoms
are overlapped, targeted single spin operations and entangling operations can be
performed by coupling the atomic states to a molecular state with radio-frequency pulses.
By controlling the frequency and duration of the radio-frequency pulses, entanglement
can either be created or swapped between a qubit messenger pair. We estimate operation
fidelities for entangling two distant qubits and discuss the scalability of this scheme and
constraints on the optical lattice lasers. See Figure.

(a)

(b)

IL2
IL1
ULi

(c)
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Figure. Scheme for scalable quantum information processing in optical lattices. (a) qubit
atoms (blue dots) form a band insulator in the optical lattices with unity occupancy.
Entanglement of two distant qubits can be mediated by the messenger atom (open red
circle), which is controlled by a second set of optical lattices (not shown, see text). (b)
Top shows offset intensty profiles for 681 nm light (blue) and 1064 nm (red) light, here
ILi=0.24 ICs. Bottom shows resulting potentials for 6Li (blue) and 133Cs (red). (c)
Potential energy in the center-of-mass coordinate, including the 6Li-133Cs interatomic
interaction. |a> represents an atomic state, and |M> and |M'> represent molecular states.
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Decimated Cavity Photonic Crystal Membrane Lasers
Christopher M. Long, Antonios V. Giannopoulos, and Kent D. Choquette
Electrical and Computer Engineering Department
University of Illinois, Urbana-Champaign
208 N. Wright St., Urbana, IL 61801
e-mail: choquett@uiuc.edu
Abstract: We report photonic crystal membrane nano-lasers which employ a decimated photonic

crystal cavity. Optically pumped lasing is achieved with tradeoffs between optical quality factor
and electrical characteristics.
Photonic crystals in semiconductor membranes have an engineered periodic index of refraction which can be
exploited for high-Q laser cavities [1,2] and band edge photonic crystal lasers [3,4]. Here we present a photonic
crystal nano-cavity laser using a decimated lattice. In the decimation process, field profiles for resonant cavity
modes are calculated, and then regions of photonic crystal that have little overlap with the resonant field are deleted
from the lattice surrounding the defect cavity. Proper design allows for more efficient thermal and electrical
conductivity through the membrane without significant decrease in the optical properties of the cavity. The
calculated quality factor of the decimated L3 cavity is reduced only 8% as compared to the conventional L3 cavity
shown in Fig. 1. The devices are fabricated in 255 nm thick membrane of InGaAsP which emits at nominally 1380
nm. The fabricated decimated L3 cavity is shown in Fig. 2. Lasing at 1320 nm is achieved using photopumping
excitation. The decimated L3 cavities have also been fabricated in lateral current injected membrane diodes. Again
photopumped lasing has been achieved, by very meager electroluminescence is obtained.
This research is partially funded by DARPA award No. 433143874 and NSF award No. ECCS 07-25515.

Figure 1. Calculated field profiles for L3 cavity (left) and L3 decimated cavity (right).

Figure 3. Scanning electron micrograph of L3 decimated cavity (left) and photopumped lasing spectrum (right).
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Update on our understanding of semiconductor−laser gain: from quantum well to quantum dots.
Weng Chow, Sandia National Laboratories
Abstract
This talk reviews progress made in describing the semiconductor gain medium.
The present quantum well theory is very accurate and has substantial
predictive capability, requiring only the epitaxial growth sheet and bulk
material parameters as input. For quantum dots, work is very much still
in progress. Approximations made in the quantum well case are no longer
valid because having discrete instead of continuous energy states turns out
to complicate rather than simplify the problem.
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Cooperative Effects and Possibility of Superradiance in Crystals of Molecular Magnets
Eugene M. Chudnovsky, CUNY Lehman College and Graduate Center
Molecular magnets exhibit quantum effects at the macroscopic scale. Among them are
staircase magnetization curve due to quantum tunneling of spins, freezing of magnetic
relaxation due to interference of tunneling trajectories, quantum magnetic deflagration,
and Rabi oscillations. Distances between spin energy levels of magnetic molecules range
from 1 Hz to Terahertz. The search is on for coherent absorption and emission of
electromagnetic and acoustic radiation by crystals of molecular magnets. The inversed
population of spin energy levels in such a crystal can be easily achieved by manipulating
its magnetization in the external magnetic field. The decay channel depends on the size,
shape, and the quality of the crystal. Incoherent channels, such as spin-phonon relaxation
and magnetic deflagration, have been well studied and well understood. Possibility of a
coherent channel, such as acoustic laser effect or electromagnetic superradiance, has been
investigated theoretically and is up for experimental test. The talk will review theory and
experiments on cooperative effects in molecular magnets, with a focus on the possibility
of superradiance by the ensemble of spins.
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The E-163 Advanced Accelerator Research Program at SLAC
Eric R. Colby1, Robert L. Byer2, R. Joel England1, Christopher
McGuinness1, Janice Nelson3, Robert J. Noble1, Tomas Plettner4,
James Rosenzweig5, James Spencer1, and Dieter Walz6
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Department of Applied Physics, Stanford University, Stanford, CA, 94309
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Test Facilities Department, SLAC National Accelerator Laboratory, Menlo Park, CA, 94025
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Department of Physics and Astronomy, UCLA, Los Angeles, CA, 90095
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Abstract: We study the application of lasers to the acceleration of charged
particles using fiber and semiconductor technologies.
Particle accelerators have long served as enabling sources of particles and radiation to
probe nature on the finest scales. The resolving power—and hence energy—of such
machines has been steadily increasing, as has the cost. Extensive R&D in the field is
directed at developing methods of accelerating charged particles more efficiently.
Lasers have progressed in average power, efficiency, and stability to a point that rivals
the traditional source of energy for particle acceleration—the microwave tube. Together
with the development of high-quality dielectric coatings and materials, energy gains of
500 MV/m or more are possible—an order of magnitude greater than for any other solidstate accelerator technology in use today.
The challenge of using lasers for acceleration lies in converting the inherently speed-oflight transverse electric fields into subluminal-velocity axial fields that can accelerate
particles over sustained distances. Near-field guided-mode structures have traditionally
accomplished this task for microwave accelerators. Developing such structures for lasers,
however, necessarily means making periodic structures with features on the order of the
wavelength.
Fortunately, there exist in the 1-3 micron range all the technologies needed to develop
efficient, high-gradient accelerators. Diode-pumped high efficiency laser media are
available, silicon and silica are optically transparent and radiation-resistant, and—most
importantly—semiconductor lithography and fiber-drawing techniques can be used to
produce the fine-scale structures needed. With the development of silicon-based lasers
and other on-chip laser technologies comes the tantalizing prospect of combining the
accelerator with its power source on a single substrate—in effect, making a selfcontained “accelerator chip”.
We will present our simulation and experimental efforts to develop laser-driven dielectric
accelerator structures. A facility has been constructed and commissioned specifically for
perform electron-laser interaction studies in the micron and femtosecond domains. We
will report on the first demonstration of multiple-stage acceleration by laser-driven
accelerators and on the generation and characterization of attosecond electron pulse
trains.
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Routing single photons with single atoms coupled to chip-based microcavities
Barak Dayana, Takao Aokib, A. S. Parkinsc, D. J. Alton, C. A. Regal, S. Kelber
and H. J. Kimble
Norman Bridge Laboratory of Physics 12-33,
California Institute of Technology, Pasadena, California 91125, USA

E. P. Ostby and K. J. Vahala
T. J. Watson Laboratory of Applied Physics,
California Institute of Technology, Pasadena, California 91125, USA

Abstract: We demonstrate a robust and efficient mechanism for routing single photons
via the mediation of a single atom coupled to a chip-based toroidal microcavity.
Photons from a coherent input are coupled through a tapered fiber to a toroidal microcavity [1],
which interacts with single Cesium atoms that fall through the evanescent wave of its optical
mode [2], as depicted in Fig. 1 below. As a result of the interaction with the atom, single photons
are directed to one output of the fiber, whereas excess photons are directed to the opposite
direction, as is confirmed by the observation of non-classical anti-bunching photon statistics at
one output of the fiber, and bunching at the second [3,4].

Figure 1: A simple schematic of the
setup, showing the falling Cs atoms
interacting with the evanescent wave
of the optical mode of the microtoroid,
and the input and output fields that
couple to the microtoroid through a
tapered fiber.
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Atom interferometric detection of gravitational
waves on ground and in space
P. Delva∗
∗

European Space Agency, The Advanced Concepts Team
Keplerlaan 1, 2201 AZ Noordwijk, The Netherlands

Abstract
We review the possibility to detect gravitational waves with matter wave
interferometry.

The experimental gravitation has experienced dramatic developments over the
past twenty years thanks in part to the development of atomic physics. With the
help of advanced cooling techniques, it is possible to exploit the wave behavior
of matter. Atom interferometry has become a method for building clocks and
inertial sensors among the most accurate.
In this talk, we will explore the possibility for matter wave interferometers
to detect gravitational waves. We will present recent results from different
authors [1, 2, 3], and compare the sensitivity of atom interferometrs and light
wave interferometers. Finally we will present the last proposal of [4] for an atom
interferometer in space.
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Surface plasmon enhanced electron acceleration
with few-cycle laser pulses
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It was shown recently that surface plasmonic fields that are induced by relatively low-energy
femtosecond laser pulses are capable of accelerating electrons to keV energy levels. This novel
ultrafast electron source configuration has further intriguing properties when the interaction is
induced by few-cycle laser pulses. In this case the carrier-envelope phase of the pulses is also
expected to play an important role in the process [1-3]. We performed the numerical investigation of
this phenomenon the results of which are presented together with first experimental studies carried
out in the few-cycle regime. It was found experimentally that electron bunches having a duration as
short as 3.5 fs can be generated if the exciting laser pulse is 6 fs in duration [4]. In the few-cycle
regime the maximum kinetic energy achieved was 800 eV. These all-optically generated few-cycle
plasmonic electron pulses can serve as electron sources in novel ultrafast methods such as ultrafast
electron diffraction and microscopy.

Figure 1. Measured (a) and calculated (b) fringe-resolved pump-probe electron signals for surface plasmon enhanced
electron acceleration excited by few-cycle (6 fs) pulses. The calculated fringe-resolved signal is the fourth order
autocorrelation function of the laser field. The measured pump-probe electron signal follows this curve closely, thereby
indicating that i) the electron emission takes place in a 4-photon induced emission process and, more importantly, ii) the
duration of the electron pulse leaving the surface is ~I4(t) where I(t) is the intensity envelope of the exciting laser pulse.
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Theory of Strongly Interacting
Fermi Gases
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Centre for Atom Optics and Ultrafast Spectroscopy, Swinburne University of
Technology, Melbourne, Victoria 3122, Australia;
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The theory of strongly interacting fermions is of great interest. Interacting fermions
are involved in some of the most important unanswered questions in condensed matter physics, nuclear physics, astrophysics and cosmology. Though weakly-interacting
fermions are well understood, new approaches are required to treat strong interactions.
In these cases, one encounters a “strongly correlated” picture which occurs in many
fundamental systems ranging from strongly interacting electrons to quarks.
Recent developments in ultracold atomic Fermi gases near a Feshbach resonance
with widely tunable interaction strength, densities, and temperatures have provided a
unique opportunity to quantitatively test different strong-coupling theories. In these
systems, when tuned to have an infinite s-wave scattering length - the unitarity limit a simple universal thermodynamic behavior emerges 1 . Due to the pioneering efforts of
many experimentalists, the accuracy of thermodynamic measurements at unitarity has
improved significantly. A breakthrough occurred in 2006/2007, when both energy and
entropy in trapped Fermi gases were measured without invoking any specific model.
We give an overview of the current theoretical situation, including detailed quantitative comparisons of theory and several different experiments that establish the first
evidence for universality. We also explore the extension of these theories to new regimes,
including the exactly soluble one-dimensional regime, where the FFLO or modulated
superfluid phase can form in the case of a polarized Fermi gas, and possible regimes
with more than two types of interacting fermion. Finally, we explore the open question
of how to distinguish between existing theories of strongly interacting Fermi gases.
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Quantum cascade laser spectroscopy: Diagnostics to non-linear optics.
Geoffrey Duxbury, Nigel Langford and Kenneth G. Hay,
SUPA, Department of Physics, University of Strathclyde, John Anderson Building, 107 Rottenrow E,
Glasgow G4 0NG, Scotland, UK. Telephone 44-141-548-3271, Fax 44-141-552-2891, E-mail
g.duxbury@strath.ac.uk

In PQE 2008 a session was devoted to the physics, design principles and fabrication of
quantum cascade (QC) lasers. In this talk and in the following session we will focus on
the applications of QC lasers in spectrometers and communication systems. To
understand the ways in which QC lasers are opening up new areas of science we need to
analyse the physics of the instrumentation in which QC lasers play an essential part.
In my talk I will concentrate mainly on spectrometers, which use pulsed QC lasers, for
diagnostics and for nonlinear optics1. The examples of diagnostics on which I will
concentrate are trace gas measurements in the atmosphere2, and the diagnostics of
diamond deposition plasmas3. Although the use of QC lasers for monitoring appears to be
an obvious extension of tuneable diode laser spectroscopy, I wish to show that making
such an assumption is not necessarily justified when the laser power density within an
absorbing gas is high, as is during the frequency sweep of pulsed QC lasers. This then
leads on to the description of experiments designed to investigate the physics of the
interaction of chirped laser radiation with low pressure gases.
The unusual rapid passage signals, which characterise the rapid passage of the downchirped radiation through a low pressure gas, are due to two main effects, the rapid laser
sweep rate and the long pathlength cells used1,4. The frequency sweep rate of the laser
radiation is faster than the inter-molecular collision frequency, allowing the build up of a
strong molecular alignment within the gas. The long optical path lengths in the
refocusing absorption cells, used to facilitate sensitive detection of trace gases, allow the
build up of a large macroscopic polarisation within the gas cell4,5. I will give examples of
this behaviour in ammonia, nitrous oxide and acetylene, and will outline the use of
Maxwell-Bloch calculations to investigate the origins of this behaviour.
The following session will give further examples of the applications of QC lasers to
“Chemical kinetics and dynamics’’, Grant Ritchie,; “Broadband laser heterodyne
spectroscopy”, Damien Weidman; to “Swept gain effects in molecular lambda
transitions”, James Kelly; and to “High speed all-optical modulation of a QC laser”,
Rainer Martini.
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Excitation of atomic coherence using off-resonant
strong Laser pulses
H. Eleuch1,2, Y. V. Rostovtsev1, A. Svidzinsky1 and M. O. Scully1,3
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Abstract: We study dynamics of a two-level system driven by a strong off-resonant electromagnetic
field. We derive analytic solution for arbitrary pulse shape.
The two-level system is a useful model with application to many fields such as quantum field
theory, condensed matter physics and quantum optics. In this work we consider a two-level
system under the action of far-off resonance, strong, ultra short pulse of radiation.
The main result of this work is a new analytic treatment of the detuned atom-field interaction
beyond the rotating wave approximation; we find a new approximate but very accurate
analytic solution for population transfer. The figure presents the left population in excited
atomic state ( |Cfinal | ) after applying a pulse of the form: Ω=0.05[sech(0.05t) + sech(0.15t)],
as function of the laser frequency for numeric solution (dots) and using our analytic method
(solid line).
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Spinplasmonics: Controlling Plasmon Propagation via Electron Spin
A. Y. Elezzabi
Ultrafast Optics and Nanophotonics Laboratory, Department of Electrical and Computer Engineering,
University of Alberta, Edmonton, Alberta, Canada, T6G 2V4
Abstract: We describe a new mechanism for ultrafast active control of plasmon propagation. By using timedomain terahertz spectroscopy, we demonstrate that electron spin state can influence plasmon propagation
We show that the THz electromagnetic properties of metallic particle ensembles can be modulated via
electron spin-dependent plasmons, analogous to optical and solid state systems [1,2]. Here, the
ferromagnetic particle ensembles can exhibit strong, tunable birefringence at THz frequencies with the
application of an external magnetic field. The birefringence is caused by anisotropic magnetoresistance
inherent in the ferromagnetic medium. Next, we demonstrate magnetically tunable light transmission is via
electron spin-dependent phenomena in ferromagnetic/nonmagnetic composite media. Using a random
spinplasmonic medium consisting of a dense ensemble of bimetallic ferromagnetic (F)/nonmagnetic (N)
microparticles, plasmon propagation velocity, amplitude attenuation, phase retardation and magnetic field
dependence are shown to be influenced by electron spin accumulation in the nonmagnetic layers. The
observation of electron spin accumulation is attributed to the formation of a nonequilibrium spin-dependent
potential barrier at the F/N interface that acts to resist the flow of a spin-polarized plasmon current. This
phenomenon is similar to the electrically-driven spin accumulation phenomenon resulting from current
transport between F/N layers. With this first demonstration of the merger between the plasmonics and
spintronics fields, we envision the realization of a new class of ultrafast spinplasmonic devices having
unique functionalities.

Fig. 1: (Left): Illustration of near-field plasmonic-coupled transport across a random collection of F/N particles. (Right): Cross section of a Co/AuN
bilayer and density of state diagrams depicting the situation when the THz radiation electric field induces dipolar charges on the surface of the
spinplasmonic Co/Au sample.

Fig.2 : Time domain THz transmission through (a) Co (0% Au) (B┴), (b) Co (0% Au) (B║), (c) Co/Au 35% (B┴), and (d) Co/Au 35% (B║)particle
ensembles for |B| = 0 T and |B| = 150 mT. The diagrams depict the orientation of the B field (arrow) relative to the electric field polarization.
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Imaging magnetic fields using stimulated Raman
transitions in a cold atom cloud
Fredrik K. Fatemi, Matthew L. Terraciano, Zachary Dutton, and Mark Bashkansky
Optical Sciences Division, Naval Research Laboratory, 4555 Overlook Ave, S.W. Washington, DC 20375
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Abstract: We have used stimulated Raman transitions in an expanding cold atom cloud
to image magnetic fields over a volume of 1 cm3 in a single shot. The technique is
simple to implement, requiring no additional laser frequencies than are already used in a
typical laser cooling setup.
Stimulated Raman transitions that couple atomic ground states with counterpropagating, single-frequency laser
beams are resonant only within a narrow velocity band [1]. We describe and demonstrate a technique for imaging
magnetic fields using such velocity selective resonances in cold 87Rb vapor. Atoms released from a magneto-optical
trap (MOT) are exposed to a brief (~1 ms) counterpropagating laser pulse detuned a few GHz from one-photon
resonance so that the Raman transitions couple different magnetic sublevels. Because of the velocity selection, most
atoms continue freely expanding, but the resonant atoms are kicked by two photon momenta. Images of the
expanded atom cloud show these resonances as distinct, well-defined features when viewed from a direction
orthogonal to the Raman beams.
In a magnetic field, the participating energy levels are Zeeman-shifted, resulting in field-dependent velocity classes
such that the Doppler shift offsets this Zeeman shift. When the Raman pulse is applied to an atom cloud with finite
size, magnetic field variations across the sample lead to position-dependent features in images of the expanded cloud
(Fig. 1). This technique has proven useful in our lab for compensating ambient magnetic fields to sub-milliGauss
levels [2], and for measuring magnetic field gradients [3]. The technique can be used in existing cold atom setups
with no additional laser frequencies, because the MOT repump beam can also serve as the Raman beam.

Fig. 1. Images of an 87Rb cloud (after background subtraction) for several different magnetic field
gradients.
When the stimulated Raman transitions occur between different hyperfine ground states, which have opposite
Zeeman shifts, the resonance condition is also dependent on the initial magnetic sublevel quantum number. In this
situation, the Raman transitions can be used for single-shot imaging of magnetic sublevel distributions. To
demonstrate this idea, we have monitored the evolution of sublevel distributions when the sample is exposed to
optical pumping pulses of different durations.
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Cooling Particles with Waves: from 106 eV to 105 eV or from 10-8 eV to 10-9 eV
Nathaniel J. Fisch and Ilya Y. Dodin
Department of Astrophysical Sciences
Princeton University, Princeton NJ 08544
Abstract
Radio frequency waves can be used to cool 3.5 MeV alpha particles, the byproducts of a
DT fusion reaction, down to 100 keV energies or less in a fusion power reactor [1].
Radio frequency waves might also be used to erect one-way barriers for charged ions or
electrons in spatially asymmetric electromagnetic fields [2,3]. It is also possible to use
optical lasers to erect one-way barrier for atoms to cool 87Rb atoms in a magneto-optical
trap from on the order of 10-8 eV to 10-9 eV [4,5].
These effects are in ways all related, although they span very different regimes in
frequency and energy. In each case, particles are manipulated in important ways
adiabatically, and then, by breaking invariants of the particle motion, cooling effects can
be accomplished. General formulations of this problem capture the effects here as special
cases and point to further interesting possibilities [6,7].
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Nonlinear Self-Filtering via Dynamical Stochastic Resonance
Dmitry V. Dylov and Jason W. Fleischer
Department of Electrical Engineering, Princeton University, Princeton, New Jersey, 08544 USA
jasonf@princeton.edu
Abstract: We experimentally demonstrate nonlinear self-filtering and amplification of low-light-level images hidden in
noise. The observed effect strongly depends on the nonlinear coupling strength and properties of the noise, indicative of a
dynamical stochastic resonance.

Noise is traditionally considered the enemy of signal, as information gets obscured, de-phased, and lost. In
nonlinear systems, however, coupling between the fields can enhance the signal at the expense of noise. This
positive exchange only holds for certain parameter ranges, i.e. noise and coupling strengths, that gives rise to the
term “stochastic resonance” (SR) [1]. Normally, the model systems are two-state, such as tunneling in a double-well
potential, and require a threshold for detection. Here, we demonstrate the SR effect in a dynamical system, without
threshold, by considering the nonlinear coupling of a coherent image with a spatially-incoherent background.
Experimental results are shown in Fig. 1. The coherent signal is an image of a 1951 Air Force resolution chart
(Fig. 1a), while the background noise is a statistical beam made spatially-incoherent by passing laser light through a
rotating ground glass diffuser. For a combination of 1:10 intensity ratio, the signal is completely obscured by the
noise (Fig. 1b). The total pattern is then sent into an 8mm3 SBN:60 (Sr0.6Ba0.4Nb2O6) photorefractive crystal, whose
self-focusing nonlinearity can be controlled by varying an applied voltage bias across the crystalline c-axis.
First, we consider the output image as a function of nonlinearity, for fixed intensity ratio and correlation length
(Fig. 1). As the nonlinearity is increased, the signal becomes more and more visible, noticeable both as the chart
develops and as the background (clear regions of the chart) become darker, until it starts becoming worse. The peak
in visibility, shown in Fig. 2a, occurs due to a set of instabilities of the incoherent light itself [2-4].
This observation is different than traditional SR experiments, in which the coupling is held fixed and the
statistics of the noise is changed. In our case, this randomness amounts to a change in the effective density of
speckles, i.e. the correlation length lc. We also performed these measurements (not shown) and again found a peak
in the visibility of the chart as lc was increased (Fig. 2b). Physically, this peak occurs when the spatial scale of the
chart, e.g. the distance between the resolution bars, matches the characteristic scale of the statistics.
The usual analysis for stochastic resonance involves a Boltzmann-like factor exp(-E/T), expressing forced
activation above a barrier potential, and a pre-factor that depends on the details of the system [1]. Here, we have a
self-energy due to the nonlinear index change Δn and statistical forcing due to an effective temperature T ~ lc-2. This
gives a visibility v ~ P(Δn,lc)exp(-BΔnlc2) . Based on previous calculations using radiation transport theory [5], we
find that the pre-factor P = AΔn2 lc3. The factors A=1.6 and B=530 are fitting parameters chosen to match the
location and height of the nonlinear resonance peak (Fig. 2a). Then, using the same coefficients, we plot v = v(lc)
for fixed Δn. As shown in Fig. 2b, the agreement with experiment is excellent.
In conclusion, we have demonstrated a new type of dynamical stochastic resonance, without threshold, via
coherent-incoherent coupling in a nonlinear medium.
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Fig. 1. Nonlinear self-filtering . (a) Resolution chart. (b) Resolution
chart hidden by addition of spatially-incoherent light. (c-f) Output
pictures of signal + background as nonlinear coupling is increased.

Fig. 2. Visibility peaks. Visibility of bars in Fig. 1d as (a) a function
of coupling strength for fixed correlation length lc = 110μm and (b) a
function of correlation length for fixed Δn = 1.7x10–4. The solid lines
are theoretical fits to stochastic resonance curves obtained from
radiation transport theory [3].
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Atomchips: where material engineering meets atom optics
Ron Folman / Ben-Gurion University, Israel.
www.bgu.ac.il/atomchip

Cold isolated atoms offer a unique system for
quantum operations, both for technology and fundamental studies. To maintain
a high level of control over the external and internal degrees of freedom of
such atoms, and to enable robust miniaturization and enhanced complexity, a
system named the atom chip began to be utilized in 1999. Here, fields
originating from the chip -- magnetic, electric, and electro-magnetic -trap, guide, manipulate, and measure the atoms which are positioned microns
away from the chip surface in ultra-high-vacuum. In this presentation I will
describe two drawbacks of this system, namely, static magnetic potential
corrugations arising from electron scattering in the surface, and spin flips
and decoherence of the atomic state originating from thermally activated
electron current fluctuations in the surface giving rise to noise. Several
recent experimental and theoretical observations will be detailed.
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Meissner effect in superconducting microtraps
Daniel Cano, Brian Kasch, Helge Hattermann, Reinhold Kleiner, Claus Zimmermann,
Dieter Koelle, & József Fortágh
CQ Center for Collective Quantum Phenomena & their Applications
Physikalisches Institut der Universität Tübingen
Auf der Morgenstelle 14, D-72076 Tübingen, Germany
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Abstract: Superconducting microstructures for trapping and manipulating ultracold quantum
gases are expected to provide intriguing physical scenarios in which atomic physics and
superconductor science converge. We investigate the impact of the Meissner effect on magnetic
microtraps generated by superconducting microstructures. Both numerical simulations [1] and
cold atom experiments [2] demonstrate that the Meissner effect shortens the distance between the
microtrap and the superconducting surface, reduces the radial magnetic field gradients and lowers
the trap depth. Simulations based on the London theory have been carried out to calculate the
supercurrent densities in thin film microstructures. Experiments were done in a recently-built
apparatus that loads ultracold rubidium atoms into a magnetic microtrap generated by a
superconducting niobium wire with circular cross section. By monitoring the position of the
atomic cloud, we observe how the Meissner effect changes the microtrap parameters.
Measurements of the trap position reveal a complete exclusion of the magnetic field from the
superconducting wire for T < 6 K. For higher T, the magnetic field partially penetrates the
superconducting wire and the microtrap parameters become similar to those expected for a
normal-conducting wire.
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Two-dimensional phase-only spatial light modulators for
dynamic phase and amplitude pulse shaping
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A new dynamic, zero-order phase, and amplitude femtosecond pulse shaping scheme is presented using
liquid crystal 2D SLM. It was found that zero order approach provided significantly better light efficiency
compared to the first order scheme and is free of angular spectral chirp inherent to the first order approach.

Femtosecond Fourier-domain pulse shaping has had a significant impact as an experimental tool and facilitated
numerous exciting advances in many research fields. It is often desirable to be able to control not only spectral
phases, but also spectral amplitudes of the femtosecond pulse. This capability is particularly important for arbitrary
waveform generation. In principle, to achieve arbitrary temporal profiles, one has to control independently
both spectral amplitudes and phases.
For independent phase and amplitude control, two LC SLM arrays are used [1]. Although this advanced and
efficient approach is most popular today, it still has several inherent issues to be addressed. An extra modulator is
required with its circuitry, bulkiness, and very accurate mutual alignment between them. Since the two modulators
are physically separated (typically by several millimeters), the minimum single wavelength spot size is limited in
order to ensure the Raleigh range to be larger than this distance. Furthermore, the need for two polarizers results in
additional losses and dispersion, and gratings used in the shaper exhibit significant polarization-dependent loss.
Electro-optical phased array modulators may also provide independent control over spectral phases and amplitudes
[2], and unsurpassed update rate on the nanosecond scale, but electrooptical materials such as gallium arsenide have
a prohibitively high absorption at 800 nm, which makes them incompatible with very common Ti:sapphire
femtosecond laser sources.
The advances in fabrication of 2D SLM,
propelled by their application in displays, now offer
new opportunities for pulse shaping. We report a
new zero-order approach [3] for complex–spectral
phases and amplitude modulation. We also suggest
an improvement for the first-order technique [4],
which will allow continuous spectral phase
modulation versus discrete modulation. The
techniques are studied both theoretically and
experimentally. In both cases a cylindrical lens is
Fig. 1. Schematic of the 2D phase and amplitude SLM pulse shaper.

used as the Fourier lens (FL). Otherwise, the shaper layout is similar to a standard Fourier shaper in reflection
geometry with the 2D SLM situated in the Fourier plane (Fig. 1) of the FL.
In future studies, given the superior pixel count and constantly improving quality of modern 2D SLM modulators,
these techniques can be combined with scanning shaping methods [5] to achieve both arbitrary waveform generation
and significantly enhanced update rates.
[1] M. M. Wefers and K. A. Nelson, “Generation of high-fidelity programmable ultrafast optical waveforms,” Opt. Lett. 20, 1047–1049 (1995).
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[3] E. Frumker, Y. Silberberg, “Phase and amplitude pulse shaping with two-dimensional phase-only spatial light modulators,” J. Opt. Soc. Am.
B 24, 2940 (2007).
[4] J. C. Vaughan, T. Hornung, T. Feurer, and K. A. Nelson, "Diffraction-based femtosecond pulse shaping with a 2D SLM," Opt. Lett. 30, 323
(2005).
[5] E. Frumker and Y. Silberberg, "Femtosecond pulse shaping using a two-dimensional liquid-crystal spatial light modulator," Opt. Lett. 32,
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Do Experimental Violations of Bell Inequalities Require a Non-Local
Interpretation of Quantum Mechanics?
Edward S. Fry
*Department of Physics, Texas A&M University,
College Station, TX 77843-4242
Bell inequalities are derived assuming i) hidden variables, ii) positive probabilities, and
iii) locality. The over-riding role of assumption ii) has generally not been emphasized.
Since results of Bell inequality experiments show a violation of the inequality and
agreement with quantum mechanical predictions, one or more of these assumptions is
wrong. Thus, in the physical world, we cannot have hidden variables, and/or we must
accept negative probabilities, and/or we must accept non-locality. Equivalently, the
experiments tell us that any hidden variable theory (with associated non-negative
probabilities) must be non-local; on the other hand, if a theory encompasses no hidden
variables (e.g. quantum mechanics), the experiments do not make a statement about
locality. Of course, the definition of “locality” plays a critical role, and that will be
reviewed. In a previous paper (Phys. Letters A347, pp. 56-61, 2005), it was shown that the
assumption of hidden variables (e.g. seemingly physical correlations) leads directly to
negative (non-physical) probabilities in the Wigner-Bell model. In this presentation, we
will provide analyses based both on Bell’s derivation of the inequality and on the ClauserHorne version for inherently stochastic theories. We examine probabilities that must be
non-negative in these derivations and show how to evaluate them within the framework of
quantum mechanics. We will show that the assumption of hidden variables in the
derivation of a Bell inequality leads to supposedly non-negative probabilities whose
quantum mechanical counterparts are actually negative under some conditions.
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Superradiance in the Frozen Rydberg Gas
Jianing Han, T. F. Gallagher, Amondsen Chotia, and Pierre Pillet, University
of Virginia, Charlottesville, VA 22903, USA,and Laboratoire Aime Cotton,
91405 Orsay cedex, France.
Samples of cold Rydberg atoms excited in a magneto optical trap have spatial extent less than 1
mm, which is comparable to the wavelength of strong dipole transitions between Rydberg states.
The system is close to the regime originally considered by Dicke, in which the extent of the
sample is small compared to the wavelength. Superradiant population transfer from the nd to the
(n-2)f states is clearly observed for 20≤n≤23 and visible for n as high as 30. As n is increased
above n=23 the population in the initial state decays increasingly rapidly, but above n=30 no
population is visible in the (n-2)f states, but only in the higher ℓ states, which are nearly
degenerate with the (n-2)f states. The superradiance is initiated by blackbody radiation, and at
higher n it is suppressed or limited by the near field dipole-dipole interaction of the atoms, an
effect not considered by Dicke. This work has been supported by the Air Force Office of
Scientific Research.
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Coherent control of elastic and Raman fluorescence channels in 3-level system

Shaoyan Gao1,2 and Olga Kocharovskaya1
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2

Department of Physics, Xi’an Jiaotong University, Xi’an, Shaanxi 710049, China

Abstract: We consider a 3-level atomic system interacting with two coherent fields
in the ladder configuration. Namely, the probe field couples the ground and first
excited state while the driving field interacts with two excited states. By
investigating the influences of driving intensity, detunings and decay rates on
intensity spectra for elastic and Raman fluorescence channels respectively, we show
that driving field in this system allows us to control very efficiently the ratio of the
intensities between elastic and Raman fluorescence channels. In the case of
sufficiently strong driving field the fluorescence intensity at the Raman transition
may greatly exceed the intensity in the elastic channel even when the decay rates
for both channels are equal. The effect is due to quantum interference in
fluorescence. In the dressed state basis, quantum interference is constructive in the
Raman transition and destructive in the elastic channel.
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Room-Temperature Spectral Hole Burning via SBS
Daniel J. Gauthier,1 Adrian A. Juarez,1 Ramon Vilaseca,2 and Zhaoming Zhu1
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2

Abstract: We observe spectral hole burning in a room-temperature optical fiber due to
saturation of the stimulated Brillouin scattering process. The spectral hole is ~104 times
narrower than the width of the resonance.

ln(Pout/Pin)

Spectral hole burning occurring in an inhomogeneously-broadened optical transition can be used for extremely
high density, highly multiplexed data storage [1]. In frequency-selective data storage (FSDS), a monochromatic
laser beam saturates the absorption over a narrow spectral range whose minimum width is governed by the
homogenous linewidth of the transition ΔνH. Multiple bits are written by accessing different homogenous classes
of transitions within the inhomogeneous profile (width ΔνI), where the number of bits that can be stored at each
spatial location within the recording medium is ~ΔνI /ΔνH. Time-domain approaches [2] to FSDS are used for a
large class of microwave photonic devices, including arbitrary waveform generation, true time delays, and radar
ranging. Current approaches to FSDS require the use of cryogenically cooled materials.
We observe spectral hole burning in a resonance arising from stimulated Brillouin scattering (SBS) in a 2km-long small-core room-temperature optical fiber pumped by a spectrally broadened laser [3]. The
inhomogneous profile can be tailored by engineering the pump spectrum, which can, in principle, extend over
the entire transparency range of the fiber. The width of the spectral hole depends on the transit time of light
through the material. This research is a path toward agile optical information processing and storage using
standard telecommunication components.
We measure the spectral hole directly in the frequency domain using two lasers that copropagate with
respect to each other and counterpropagate with respect to the pump beam. The frequency of one laser, denoted
by νs, is set within the broadened SBS resonance with a power Ps to burn the hole. The frequency of another
laser, denoted by νp, is scanned through the resonance to detect the hole, where we use a lock-in technique to
separate it from the beam that is burning the hole. Figure 1 shows the observed SBS gain spectrum, defined as
ln(Pout/Pin), where Pout (Pin) is the output (input) power of the weak tunable laser, for various values of the fixedfrequency probe-beam power Ps. For Ps=0, it is seen that the SBS amplifying resonance has a width (FWHM) of
~750 MHz and is nearly Gaussian shaped, which gives ΔνI. As Ps increases, a deeper and deeper spectral hole is
burned in the resonance profile.
2
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Fig. 1. Observation of spectral hole burning via saturated and broadened SBS. The pump power is equal to 28 mW and the saturating
beam power Ps=0.4 mW (curve 1) and 1.7 mW (curve 2).
Z.Z. and D.J.G. gratefully acknowledge the financial support of the DARPA DSO Slow Light Program, and R.V. gratefully
acknowledges support from the Generalitat de Catalunya and the Spanish government.
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Cold atoms coupled to a magnetic micro-cantilever
A. Geraci1 , Y.-J. Wang1 , M. Eardley1 , J. Moreland1 , J. Kitching1
1
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Micro-cantilevers have demonstrated remarkable force sensitivity, while dilute atomic gases can
exhibit long coherence times and on-chip atomic systems have proven to be useful for quantum
control and manipulation. The direct coupling of the spin-degrees of freedom of an atomic vapor to the vibrational motion of a magnetic cantilever tip has recently been demonstrated1 , and
prospects for coupling a BEC on an atom-chip to a nano-mechanical resonator have been recently
discussed2 . Possible applications include chip-scale atomic devices, in which localized interactions
with magnetic cantilever tips selectively influence or probe atomic spins.
As a next step towards the realization of a strongly coupled ultra-cold atom-resonator system,
we have constructed an apparatus to study the direct coupling between the spins of an ensemble
of laser-cooled Rb atoms and a magnetic tip on a micro-cantilever. The cantilever with magnetic
tip is shown in Fig. 1. The atoms will be loaded from a magneto-optic trap into a magnetic
quadrupole trap formed by the cantilever tip and external magnetic fields. The cantilever will be
driven capacitively at its resonance frequency (∼MHz), resulting in a coherent precession of the
trapped atomic spins with a matching Larmor frequency. Such spin precession can be observed
by monitoring trap loss through fluorescence or by optical detection of the rotation of the atomic
magnetization. Prospects for measuring the back-action of the ensemble of atomic spins on a
cantilever beam will also be discussed. Ultimately, if a particular cantilever mode can be cooled
to the single-phonon level perhaps in a cryogenic experiment with additional feedback cooling,
non-classical states of the atomic degrees of freedom could be transferred to the motional states of
the resonators and vice versa, possibly leading to novel tests of quantum mechanics at macroscopic
scales or applications in quantum information processing.

Figure 1: (left) Optical micrograph of cantilever capacitive drive stack and (right) SEM micrograph of Si cantilever with electroplated CoNiMnP magnet.
1
Ying-Ju Wang, Matthew Eardley, Svenja Knappe, John Moreland, Leo Hollberg, and John Kitching, Phys. Rev.
Lett. 97, 227602 (2006).
2
Philipp Treutlein, David Hunger, Stephan Camerer, Theodor W. Hansch, and Jakob Reichel, Phys. Rev. Lett. 99,
140403 (2007).

PQE-2009

110

Transmission Electron Microscopy of Nonperiodic
InGaAs/GaAs Quantum Well Structures
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Abstract: A growth instability during molecular beam epitaxy growth of periodic and nonperiodic In0.04 Ga0.96 As/GaAs multiple quantum well structures leads to the formation of
self-organized surface gratings which were analyzed by electron microscopy and atomic
force microscopy.
We report on the formation of undulations in periodic and non-periodic In 0.04Ga 0.96As/GaAs multiple
quantum well (MQW) structures grown by molecular beam epitaxy on (001)GaAs substrates which lead to
self-organized surface gratings. Growth interruption time, thickness of the GaAs barriers and period number
were varied but the InGaAs quantum-well thickness was kept constant at 8 nm. The structural properties of
the periodic and non-periodic MQW samples were analyzed by transmission electron microscopy (TEM) and
atomic force microscopy (AFM).
The formation of undulated layers in lattice-mismatched heteroepitaxial systems is a well known stressrelaxation mechanism [1]. Nevertheless, flat layers are often observed for periodic MQW structures as shown
in the TEM cross-section image Fig. 1a. The root mean square (rms) surface roughness determined by AFM
is typically below 1 nm even in periodic MQW samples with up to 200 InGaAs QWs. However, undulations
with a rms surface roughness of 9.7 nm were observed for a sample with the same nominal properties as the
sample shown in Fig. 1a indicating the metastability of the growth process. Non-periodic MQW samples
with period thicknesses according to a Fibonacci sequence [2] always show strong undulations with a rms
roughness between 25 nm and 40 nm. The corrugation starts already with the bottom InGaAs layer (Fig. 1b)
and increases with the number of the layers. The ridges are mainly oriented along the [110] direction with
ridge distances between 350 and 850 nm.

Fig 1. Dark-field cross-section TEM images taken with the composition-sensitive (002) reflection for (a) a periodic MQW sample
showing flat layers and (b) a non-periodic corrugated MQW structure. The inset in (b) displays a magnified section of the region
containing the bottom QWs which clearly demonstrate that even the first InGaAs QW grown on the buffer layer surface is not flat.

The formation of undulations is not correlated in an obvious way with the period number, growth
interruption time and thickness of the GaAs barriers. Undulations may or may not occur in periodic MQWs
with virtually the same properties but they are always observed in non-periodic MQWs. We will discuss
possible reasons for the observed growth instability.
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Towards quantification of the In-concentration in InAs quantum dots
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Abstract: Segregation of indium during molecular beam epitaxy of InAs quantum dots (QDs)
embedded in GaAs often leads to significant discrepancies between the real and intended
composition. In this work we present an approach to measure and reconstruct the Inconcentration in InAs QDs on the basis of transmission electron microscopy images.
The structural and chemical properties of self-assembled InAs quantum dots (QDs) in a GaAs matrix are of great
interest because numerous devices were already realized or are envisioned on the basis of InAs QD structures,
e.g. in quantum information processing [1]. Due to the small QD size the In-concentration within a QD is
difficult to control during epitaxy and may differ from the intended value. Usually, In-segregation causes an
inhomogenous In-concentration with an increase towards the top of the QD [2]. As the optoelectronic properties
strongly depend on the shape, size and composition of the QDs, these properties are of significant interest for the
understanding of the device performance. We present here an approach towards measurement and reconstruction
of the In-concentration in InxGa1-xAs QDs which is based on high-resolution transmission electron microscopy
(TEM) using composition-sensitive (002) lattice-fringe images and the composition evaluation by lattice fringe
analysis (CELFA) technique [3]. The analyzed InAs QD structure was grown by molecular beam epitaxy (MBE)
on a GaAs(001) substrate and GaAs buffer. 2.4 monolayers of InAs were then deposited with a low deposition
rate of 0.0057 ML/s at 753 K. After a 10 s growth interruption a 28 nm thick GaAs cap layer was grown.
TEM data yields information averaged over the thickness of a typically 10 to 40 nm thin TEM sample whose
thickness cannot be determined in a straightforward way. Measuring the composition of a three-dimensional
small In-rich QD embedded in a GaAs cap layer requires the determination of the TEM sample thickness and
assurance that the QD is completely embedded and not only partially contained in the TEM sample. This
situation will typically lead to a measured In-concentration which is lower than the real one. Using high-angle
tilts of the TEM sample the TEM sample thickness and location of QDs in the TEM sample were obtained. The
QD shape was determined to correspond to a truncated pyramid by high-angle annular dark-field scanning TEM.
Based on this information the measured In-concentration (color-coded In-concentration of a single QD shown in
a side perspective in Fig. 1a) can be corrected by an appropriate post-processing procedure. Fig. 1b shows the Inconcentration after correction where an increase of the In-concentration from about 50 % at the interface to
almost 100 % at the top is observed which can be understood by In-segregation during the MBE growth.

a

b

[001]

Fig 1. a) Color-coded In-concentration x of a single InxGa1-xAs QD shown in a side perspective after the evaluation with CELFA and b) after
post processing.
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Quantum memories (QM) are able to store and retrieve faithfully quantum states of light. They
are especially interesting for extending the range of communications using quantum cryptography by
allowing long distance entanglement. So far, storage and retrieval of a single photon has been only
demonstrated in a cold atomic cloud [1]. To adapt to existing quantum cryptography schemes,
especially those using conventional optical fibers, a strong interest has raised in solid state QM. Rare
earth doped crystals are promising candidates for this purpose since these ions can exhibit hyperfine
coherence lifetimes up to 30 s as well as long optical coherence lifetimes [2,3].
In this paper, we will present recent results on memory protocols observed in rare earth doped
crystals. This includes electromagnetically induced transparency or photon echo based schemes.
Materials requirements for efficient memories will also be discussed.

Electromagnetically induced transparency in Pr:La2W3O12
for various detunings of the coupling field. Open circles:
experimental data, solid line: fitted model.
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Abstract
We generated ultraviolet (UV) Raman superradiance in a vapor of atomic rubidium. The
process used coherent excitation of the atoms by very short laser pulses. The
temporal and spectral properties of the radiation were measured, and we found that
the UV emission occurred essentially simultaneously with the laser excitation.
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Phaseless 3D Optical Tomography with Subwavelength Resolution
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Abstract: We investigate the near-field inverse scattering problem for a sample in the presence of a nanoparticle. We derive an analytical technique which allows reconstruction of the complex-valued dielectric
susceptibility of the sample with subwavelength resolution in three dimensions. An application to a
tomographic technique based on power measurements requiring neither measurements of the optical phase
nor phase-controlled illumination is discussed.
Modern near-field methods extend the spatial resolution of optical microscopes beyond the classical diffraction limit[1].
However, the majority of these methods recover two-dimensional maps of optical intensity near the surface of a threedimensional sample. The interpretation of these images for manifestly inhomogeneous samples has proven to be
problematic[2].
Here we analyze the linearized near-field inverse scattering problem for a sample with a small probe (scatterer)
introduced into its near-field. We then derive an analytical technique which allows the reconstruction of complex-valued
susceptibility of inhomogeneous samples with subwavelength resolution in three dimensions. In contrast to
nanotomography and other methods requiring sectioning of the sample[3], our approach is intrinsically nondestructive. It
utilizes the generalized optical theorem[4] and requires neither phase measurements nor control over the phase of
illuminating fields[5]. Instead we employ variations in the probe position to modify the interference pattern within the
sample and infer its 3D structure via simple measurements of the power extinguished from illuminating waves.

Fig. 1. The model (left panel) and the simulated reconstruction (right panel) of a set of point-like scatterers with
complex valued susceptibilities arranged in two planes at z = 0.068 (top row) and z = 0.018 (bottom row). The
sample is sequentially illuminated with two scalar plane waves from the lower half-space of refractive index 1.5. The
angle of incidence is such that waves are evanescent in the upper half-space (n = 1 for z > 0). The extinguished power
is measured for a set probe positions above the sample. Values on x and y axes are in micrometers. The susceptibility is
normalized to the maximum of each image.
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Abstract: We analyze the dispersive properties of surface plasmon polaritons in linear periodic chains of
metallic nanoparticles. We show that employing spheroidal particles, as opposed to spheres, yields an
increase in group velocity of plasmons up to superluminal values. Our predictions are confirmed by pulse
dynamics simulations in finite length chains of Drudean nanospheroids.
Linear periodic chains (LPC) of metallic nanoparticles have recently drawn considerable attention motivated by potential
applications in subwavelength wave guiding and nanophotonics. The dispersive properties of non-radiating surface
plasmon polaritons (SPPs) in chains composed of Drudean nanospheres has been intensively studied and were reported
being very flat (weak dependence of the frequency on the Bloch wave number)[1]. This in turn results in very slow group
velocities vg ~ ch /100 and a narrow operating bandwidth.
We show that this can be dramatically changed by replacing spherical particles with spheroids[2]. The dispersive
properties of SPPs then become strongly dependent on spheroid aspect ratio. For sufficiently small aspect ratios, a gap
appears either in the middle of the first Brillouin zone of the lattice (longitudinal polarization) or on its edge (transverse
polarization). No propagating SPPs with Bloch wave numbers in the gaps exist. At the band gap edge the dispersion
curve acquires very large positive or negative slopes. It is further possible to achieve superluminal group velocities in
both cases.
Our theoretical predictions account for retardation effects and are confirmed by frequency domain simulations of pulse
dynamics in chains of the finite length.

Fig. 1. Left panel: The dispersion curves (a) and group velocities (b) for SPPs with transverse polarizations in LPC
made of oblate nano-spheroids; b and a are smaller and larger semiaxes, and h=4b is the chain period. Right panel:
Envelopes of longitudinally polarized wave packets in a LPC composed of N=5000 oblate spheroids with symmetry
axes aligned along the chain and aspect ratio b/a=0.25. The time units =h/ch. Column (a): 0=0.25 p, k0h/ =0.15,
vg=0.88ch. Column (b): 0=0.1 p, vg=2.17ch. The arrow indicates the direction in which the wave packet propagates
after being reflected.
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Multiphoton ionization opens new routes to modify and characterize wide-band gap materials anywhere in
a 3-D space with unpreceedented precision. While techniques are now available to diagnostic strong-field induced
processes with attosecond resolution in atomic and molecular gases, we need to develop alternative methods that
are appropriate for solids. Since even intense short pulses contain very few photons compared to atom density
in condensed matter, one approach is to study beam depletion. We introduce how this allows to study the
ionization physics and may be sensitive to tunelling dynamics inside dielectrics.
Another specificity of strong-field ionization in condensed matter is the non-uniformity of the ionization
probability. Instead, nano-plasmas are formed and expand due to transient local fields enhancements. We show
that when many shots irradiate fused quartz planar 5 nm wide nano-cracks oriented perpendicular to the laser
polarization and extending through the focal region, are formed. These cracks originate from the local nature of
the breakdown and grow continuously if the focus is slowly moved.
With repeated illumination, the cracks migrate to form beautifully arrays with a crack-to-crack spacing
of λ/2 in the medium (Fig. 1). The index change associated with the structure formation reaches several
percent without increasing linear absorption or scattering. This progressively produces a polarization dependent
bi-convex defocusing lens in the pre-focal region. This process is self-controlled that makes it attractive for
technological considerations∗.
During the material modification process, an increase of the transmission associated with reduced multiphoton
absorption is systematically observed. The feedback effect of the defocusing lens on the beam that creates it
and the local field distribution in the progressively structured materials are contributions to the minimization to
the dissipations. While the detailed material modification changes, the system evolution minimizing non-linear
dissipations without affecting linear losses is a common feature of every wide band gap transparent materials
that we have studied (SiO2, BK7, LiF, sapphire, mica).
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Figure 1. Cross-sectional images of the modified regions inside fused quartz. The modifications are done by repeatedly
illuminating bulk materials with 102 (a), 103 (b), 104 (c) and 105 (d) pulses at 350 nJ. The laser beam is focused with a
NA=0.65 microscope objective. Samples are cleaved and etched (1% HF) to reveal the presence of nano-cracks in bulk
by SEM imaging. The relative position of the modified regions in the k -direction is arbitrary.
∗
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Abstract
We show theoretically and experimentally how subwavelength-diameter silica-fibers, “optical
nanofibers”, can open new perspectives for manipulating atoms and photons, such as modification of
spontaneous emission, optically dense medium with small number of atoms, super-radiance, etc. We
demonstrate using laser-cooled Cs-atoms that photons from small number of atoms, average number
of which is less than one, can readily be observed through nanofiber with good S/N ratio. We discuss
photon correlations for spontaneous emission from single atoms in the single spatial mode regime.
Extension of the optical nanofiber method to quantum dots is also discussed.
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From an ideal gas to the super-Tonks-Girardeau regime
with tunable interactions
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Cesium offers a rich structure of low-field magnetic Feshbach resonances which allows us to
tune the s-wave scattering length and make interactions strongly attractive, repulsive or zero.
We report on two optical lattice experiments exploring this property.

a) A BEC in a 1D optical lattice undergoes Bloch oscillations when subject to an external force.
However, interactions lead to dephasing, limiting the number of oscillations one can observe.
We show that this dephasing process is surprisingly coherent and can be controlled, reversed
and significantly delayed by tuning interactions and using an external potential. During the
dephasing process the BEC develops a distinct interference pattern which is closely connected
to the theory of quantum carpets and shows similar revivals and fractional Talbot effects.

b) We report on the observation of the super-Tonks-Girardeau regime for ultracold bosonic
atoms in one-dimensional waveguides when the interaction strength as given by the 3D
scattering length is tuned to values exceeding the transversal confinement length [1].
As we increase interactions the gas propagates from non-interacting, through Thomas-Fermi
and Tonks-Girardeau, to the super-Tonks-Girardeau regime. We study the change of its
hydrodynamic properties during this transition using the lowest compressional mode.

[1] G. E. Astrakharchik, J. Boronat, J. Casulleras, and S. Giorgini, Phys. Rev. Lett. 95, 190407 (2005).
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Can Raman Spectroscopy Measure and Quantify Life ?
Hiro-o Hamaguchi
Department of Chemistry, School of Science, The University of Tokyo,Bunkyo-ku, Tokyo 1130033, Japan. E-mqil: hhamai@chem.s.u-tokyo.ac.jp

Recent developments of Raman microspectroscopy have enabled in vivo imaging of living cells
with high time, space and molecular specificity. We have recently discovered in a living fission
yeast (S. Pombe) cell a Raman band that sharply reflects the metabolic activity of mitochondria. We
called it the “Raman spectroscopic signature of life” 1,2. We have also found3 that this signature
disappears concomitantly with a sudden appearance of a particle called “dancing body” in a vacuole
of a budding yeast (S. cerevisiae) cell and that the appearance of the dancing body inevitably results
in an eventual cell death. Changes in cell structures accompanying this spontaneous cell death
process have been traced with excellent molecular specificity by time-resolved Raman imaging
(Figure). We are now able to discuss the viability of a single living cell from the viewpoint of
molecular physics or chemistry.

Figure. Raman-image tracing of cell death

[1] Huang Y-S, Karashima T, Yamamoto M, Ogura T, Hamaguchi H. J. Raman Spectrosc. 35, 525527 (2004).
[2] Huang Y-S, Karashima T, Yamamoto M, Hamaguchi H. Biochemistry, 44 10009-10019
(2005).
[3] Naito Y, To-e A, Hamaguchi H, J. Raman Spectrosc. 36, 837-839 (2005).
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Improved “position squared” readout of a mechanical oscillator using
degenerate cavity modes
J. G. E. Harris, J. C. Sankey, B. M. Zwickl, A. E. Jayich, and C. Yang
Departments of Physics and Applied Physics, Yale University, New Haven, CT, USA

Optomechanical devices in which a flexible membrane is placed inside an optical cavity
allow for very high finesse and mechanical quality factor in a single device, thereby providing
exceptionally strong coupling between the intracavity photons and the membrane’s phonons.
This type of optomechanical device also provides fundamentally new functionality: the cavity
detuning can be a quadratic function of membrane position. This enables the light to serve as a
readout of the membrane’s “position squared” (x2), and in principle a QND readout of the
membrane’s phonon number. However, the readout achieved using a single transverse cavity
mode has not been sensitive enough to observe quantum jumps between phonon Fock states.
Here we demonstrate an x2 sensitivity that is orders of magnitude stronger than in previous
work. We use two transverse cavity modes that are nearly degenerate, and whose level repulsion
provides the necessary quadratic cavity detuning. We model the three-dimensional
electromagnetic modes of a cavity containing a dielectric membrane by applying perturbation
theory to the Helmholtz equation. This allows us to include symmetry-breaking effects of the
membrane, such as its displacement from the cavity waist, its tilt relative to the cavity axis, and
its finite thickness. A comparison of the measured and calculated cavity spectrum (as a function
of the membrane position along the cavity axis) is shown below.
The curvature of the cavity detuning Δf at the avoided crossings shown below is strong
enough to satisfy the requirements laid out in Thompson et al., Nature 452, 72 (2008) for
achieving single phonon QND measurements. Our modeling also indicates that straightforward
modifications of our setup should make it possible to increase the curvature still further.

tilt = 0.0 mrad

tilt = 0.4 mrad

Figure: Comparison of theory and experiment for an untilted membrane (left) and a tilted membrane
(right), showing the crossing between the upward going {TEM2,0, TEM1,1, TEM0,2} triplet and the
downward-going TEM0,0 singlet. The color scale gives the transmission through the cavity as the laser
frequency (vertical axis) and membrane position (horizontal axis) are swept. The calculations (solid
lines) will be described in our talk.
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Synchronization and Dephasing of Many-Body States
M. B. Hastings1, 2 and L. S. Levitov3, 2
1
Center for Nonlinear Studies and Theoretical Division,
Los Alamos National Laboratory, Los Alamos, NM, 87545
2
Kavli Institute for Theoretical Physics, University of California, Santa Barbara, CA 93106
3
Department of Physics, Massachusetts Institute of Technology,
77 Massachusetts Ave., Cambridge, MA, 02139

We introduce an approach to describe the quantum-coherent evolution of a system of cold atoms
in an optical lattice triggered by a change in superlattice potential. Using a time-dependent mean
field description, we map the problem to a strong coupling limit of the previously studied timedependent BCS model, or, equivalently, Richardson model. We compare the mean field dynamics
to a simulation using light-cone methods and find reasonable agreement for numerically accessible
times. The mean field model is integrable, and gives rise to a rich behavior, in particular to beats and
recurrences in the order parameter, as well as singularities in the momentum distribution, directly
measureable in cold atom experiment. The beating dynamics is unique to this strong coupling limit,
and does not appear otherwise in this BCS or Richardson model. It may appear in other settings
described by the Dicke model.
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FIG. 1: Buildup of singular momentum distribution of pseudospin Skz , a semicircle with the edge at kc = arcsin λ. A
series of traces computed for λ = 0.5 are shown at times t = 0, 25, 50, ..., 175, eventually converging to the limiting
distribution. Inset: the corresponding limiting fermion momentum distribution hn(k)i = ha†k ak i.
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Near-resonance light scattering in high density and ultracold

87

Rb atoms

M.D. Havey and S. Balik

Department of Physics, Old Dominion University, Norfolk, VA 23529
Abstract: We report measurements of the scattered light intensity on the F = 1 → F 0 = 0 and
F = 2 → F 0 = 3 nearly closed transitions in a gas of ultracold 87 Rb atoms. Measurements are
made in a spectral range of ± 24 MHz around the resonance transitions, and over a range of probe
laser intensities and atomic densities. Peak atomic density in these experiments is about 6 x 1013
atoms/cm3 , close to the traditional Ioffe Regel boundary for localization effects to be important.

Quantum optics in ultracold and high-density, but non quantum degenerate, atomic gases is a promising
and relatively little explored area of research. Studies of image formation and storage, enhanced molecule
formation, and ultracold plasma physics in the strongly couple regime are intriguing areas of current activity.
Exploration of the role of spatial disorder on light propagation in such systems, including the possibility of
novel types of random lasers [1] and disorder-mediated formation of subradiant and superradiant configurations [2] are also topics of considerable current interest.
In this paper we present experimental results on near resonance light scattering in an ultracold and quite
high density gas of 87 Rb atoms. The very well characterized gas sample is prepared in a magneto optical
trap loaded optical dipole trap, and has a peak density of about 6 x 1013 atoms/cm3 and a temperature of
about 60 µK. The F = 1 → F 0 = 0 and F = 2 → F 0 = 3 nearly closed hyperfine transitions are studied,
since in these cases far-off-resonance couplings by inelastic Raman transitions are weak.
Measurements are made for a spectral range of ± 24 MHz, over an order of magnitude in atomic density,
and for probe laser intensities ranging from single atom weak field excitation to near saturation. Typical
results are shown in the figure for resonance scattering on the F = 1 → F 0 = 0 hyperfine transition.
There it is seen that relatively short lived transients are measured following turn-on of the probe, and that
the peak intensity scales nearly linearly, but that the steady state level saturates at a probe intensity well
below the bare atom saturation level for this transition. Interpretation of these results, and other measured
phenomenology will be discussed.
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FIG. 1: LEFT: Resonant transient response of a gaseous sample of ultracold and dense 87 Rb atoms for several
different probe laser intensitie.s. Probe hyperfine transition: F = 1 → F 0 = 0. RIGHT: Variation of the peak and
steady state responses of the data in the left panel with probe laser intensity.

[1] L.S. Froufe-Prez, W. Guerin, R. Carminati, and Robin Kaiser, arXiv:0812.0266v1 [physics.atom-ph] (2008).
[2] E. Akkermans, A. Gero, and R. Kaiser, Phys. Rev. Lett. 101, 103602 (2008).
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Comprehensive study of harmonically driven parametric resonance of ultracold
87
Rb atoms in an optical dipole trap
S. Balik, A. Win, and M.D. Havey

Department of Physics, Old Dominion University, Norfolk, VA 23529
Abstract:We report a detailed study of parametric resonances in a sample of ultracold 87 Rb atoms
confined to a far off resonance optical dipole trap. The imaged and expanded ultracold atom cloud
after parametric excitation shows significant modification, with higher sensitivity than traditional
measurements of parametrically-driven trap loss. Detailed comparison of the two approaches also
shows that an imaging approach is more sensitive to the atoms near the energy minimum of the
trap, and thus can provide more precise information about the harmonic part of the optical trapping
potential.

Acoustical parametric excitation of ultracold trapped atom samples serves both as an unwanted source
of trap loss for longer lifetime traps, and also as a diagnostic tool for learning about the harmonic and
lower energy shape of the trapping potential. Parametric resonance is in general a complex process for an
anharmonic system of oscillators, and shows strongly nonlinear response modelable in one dimension by
solutions to the Mathieu Equation. We discuss in this paper a comprehensive imaging study of parametric
excitation for ultracold atoms confined in an optical dipole trap. Illustrative results are shown below.
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FIG. 1: TOP LEFT: Fundamental 2fo radial parametric resonances for total trap loss and for peak intensity loss.
TOP RIGHT: Squared width of parametrically excited atomic sample showing proportionality of modulation time
to cloud temperature. BOTTOM LEFT: Linear dependence with modulation time of trap loss due to parametric
excitation of the atomic sample. BOTTOM RIGHT: Exponential dependence with modulation time of peak intensity
loss due to parametric excitation of the atomic sample.
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Optical pumping dynamics and near-resonance light scattering in an ultracold
sample of 87 Rb atoms
S. Balik, A. Win, M.D. Havey, I.M. Sokolov, and D.V. Kupriyanov

Department of Physics, Old Dominion University, Norfolk, VA 23529 and
Department of Theoretical Physics, State Polytechnic University, 195251, St.-Petersburg, Russia
Abstract:We report measurements of near-resonance light scattering from an ultracold sample of
87
Rb atoms formed in a magneto optical trap (MOT). Time-dependent measurements of scattering
of probe radiation tuned in the vicinity of the F = 1 → F 0 = 0 hyperfine transition of the D2
resonance line reveal dynamics due to Zeeman optical pumping on this transition in competition
with diffusive light scattering in the optically dense sample. Zeeman mixing effects due to small
residual magnetic fields also play an important role in the scattered light dynamics, and reveal
surprising sensitivity to the field strength. The various processes are examined as a function of
probe laser power, detuning from atomic resonance, and the presence or absence of the spatially
inhomogeneous MOT quadrupole field.
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FIG. 1: LEFT: Modification of F = 1 → F 0 = 0 Zeeman optical pumping by the MOT quadrupole field. RIGHT:
Effect of variation of turn off of the MOT quadrupole field for different times. The frequency chirp of the oscillations
is due to the decay of the induced fields in the MOT environment. Decay of the total intensity is due to atoms leaving
the field of view for long measurement times.
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Optomechanical correlations between light and mirrors
A. Heidmann, P. Verlot, A. Tavernarakis, C. Molinelli, A. Kuhn, T. Briant, P.-F. Cohadon
Laboratoire Kastler Brossel, Ecole Normale Supérieure, Université P. et M. Curie, CNRS,
Case 74, 4 place Jussieu, F-75005 Paris, France
heidmann@spectro.jussieu.fr
Abstract: Recent progress in high-finesse optical cavities and mechanical resonators allows one to reach a
new regime in which both mechanical and optical dynamics are governed by the radiation pressure exerted by
light on mirrors. We experimentally study this regime by monitoring in a very high-finesse cavity the
displacements of moving mirrors, either coated on a cm-size silica substrate or on a silicon micro-resonator.
We have in particular observed the optomechanical correlations induced by radiation pressure between a tiny
classical intensity noise of a light beam and the resulting mirror displacements. Our scheme can be extended
down to the quantum level and has applications both in high-sensitivity measurements and in quantum optics.

Optomechanical coupling between a movable mirror and quantum fluctuations of light first appeared in the context
of interferometric gravitational-wave detection with the existence of the Standard Quantum Limit: radiation pressure
induces mirror displacements which appear as an additional noise in interferometric measurements and limit their
sensitivity. Since then, several schemes involving a cavity with a movable mirror subject to radiation pressure have
been proposed either to create non-classical states of light or to perform quantum nondemolition measurements.
Optomechanical coupling plays also a great role in the quest to detect quantum fluctuations of a micro-mechanical
resonator. Detecting zero-point motion of a mechanical oscillator requires high resonance frequencies, low
temperature operation, and a very high sensitivity on the displacement measurement. The optomechanical monitoring
of a moving mirror therefore seems promising to the study of the quantum regime of a macroscopic oscillator, as
well as for the experimental observation of quantum effects of radiation pressure.
We develop experiments based on a high-finesse optical cavity where the displacements of a moving mirror are
monitored with an unprecedented sensitivity at the 10-20 m.Hz-1/2 level. We performed an exhaustive study of the
internal thermal noise of mirrors and demonstrated directs effects of intracavity radiation pressure, such as the laser
cooling of a micromirror [1] and the back-action noise cancellation due to a destructive interference between
radiation-pressure effects on two moving mirrors [2]. We recently observed the optomechanical correlations between
two light beams sent upon a moving mirror in a high-finesse cavity [3]: the intensity fluctuations of the first, intense,
beam are imprinted onto the mirror motion by radiation pressure, whereas the resulting position fluctuations are
monitored through the phase of the second, weaker, beam. Averaging the correlations in time, we were able to
extract the contribution due to radiation pressure although the corresponding displacements were smaller than the
thermal noise. We currently follow this approach to demonstrate radiation-pressure effects at the quantum level.

Figure: Phase-space trajectories of the intensity noise of the incident intense beam (left),
and resulting mirror motion (right). Correlations are induced by radiation pressure.

References:
[1] O. Arcizet, P.-F. Cohadon, T. Briant, M. Pinard, and A. Heidmann, Nature 444, 71 (2006): "Radiation-pressure cooling and
optomechanical instability of a micromirror"
[2] T. Caniard, P. Verlot, T. Briant, P.-F. Cohadon, and A. Heidmann, Phys. Rev. Lett. 99, 110801 (2007): "Observation of
back-action noise cancellation in interferometric and weak force measurements"
[3] P. Verlot, A. Tavernarakis, T. Briant, P.-F. Cohadon, and A. Heidmann, arXiv:0809.2510 (2008): "Probing optomechanical
correlations between two optical beams down to the quantum level"
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Practical limits to sub-wavelength imaging
Philip Hemmer
Electrical & Computer Engineering Department, Texas A&M University, College Station, TX 77843

Abstract: Imaging beyond the diffraction limit is a topic of much current interest,
especially for sensor and biological applications. The numerous techniques in use today
may appear unrelated but their resolution limits are actually governed by very similar
equations. In this talk I will present a unified view of the most popular imaging
techniques and describe how to use this view to identify the most promising techniques
and material systems. I will illustrate my conclusions with an example of λ / 50 subwavelength imaging using a microwave field.
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Exciton Polaritons in 1D Fibonacci Quasicrystals
J. Hendrickson
College of Optical Sciences, The University of Arizona, Tucson, AZ 85721
*E-mail: jhendrickson@optics.arizona.edu

Quasicrystals are nonperiodic structures which maintain long range order through a deterministic construction
principle. A specific example of such a quasiperiodic system is the Fibonacci sequence where each element is the
sum of the two previous elements; i.e. Fj+1 = Fj + Fj-1.
Here, we report on the fabrication and characterization of active 1-D Fibonacci quasicrystals based on the excitonic
resonances of GaAs/AlGaAs quantum wells. The spacing between the quantum wells was grown to be one of two
values, A or B, such that the ratio of B to A is equal to the golden mean (√5+1)/2, and the order of the spacings
obeys the Fibonacci recursion relation.
Linear reflectivity and photoluminescence experiments were performed on Fibonacci quasicrystals containing N=21
and N=54 quantum wells. Additionally an N=21 periodically spaced multiple quantum well sample was
characterized so that a direct comparison could be made. The reflectivity data show that QW quasicrystals [1], like
their periodic counterparts [2], exhibit a photonic stopband at the Bragg condition [3]. However, while the stopband
for the periodic structure is smooth, that of the quasiperiodic structure displays fine structure dips. This difference
also manifests itself in the spectra of the photoluminescence which is almost non-existent for the periodic
arrangement of QW’s but is quite pronounced and narrow for the Fibonacci spaced QW’s. The reason for these
disparities between the periodic and quasiperiodic case is due to the alignment of the polaritonic field; in the
periodic case the QW’s are all located at field nodes while in the quasiperiodic case there is a nonzero overlap
between the field and the QW’s. Furthermore, a theoretical analysis was also applied for linear reflectivity [3,1],
agreeing quite well with the experimental data.
The Tucson group acknowledges support from AFOSR and NSF.

Fig. 2. Comparison of photoluminescence intensities.
Conditions are the same as Fig. 2 with weak excitation
at 1.59 eV. The PL from light holes is weak because of
their rapid relaxation. The PL is strong at Bragg only in
the Fibonacci case. All PL spectra have the same
vertical scale, so relative comparisons are meaningful.
Equal vertical shifts separate the spectra of different
d/dBragg.

Fig. 1. Comparison of the thickness dependence of the
reflectivity. The spacing of the 21 QWs is either (a) a
Fibonacci sequence with optical thicknesses (at Bragg)
of A = 0.36λ0 and B = 0.59λ0 or (b) equidistant at λ0/2.
A reflectivity dip is present at the Bragg resonance
only in (a), indicating the larger absorption. Each curve
of larger d/dBragg is shifted up by one unit of reflectivity
from the preceding one.

[1] J. Hendrickson et al, Opt. Express 16, 15382-15387 (2008).
[2] J. P. Prineas et al, Phys. Rev. B 61, 13863-13872 (2000).
[3] A. N. Poddubny, L. Pilozzi, M. M. Voronov, E. L. Ivchenko, Phys. Rev. B 77, 113306 (2008).
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Precision gravimetry and test of the Equivalence Principle with a
10-meter atomic fountain
Jason M. Hogan

Department of Physics, Stanford University,
Stanford, California 94305
Abstract: We are building a 10-meter tall ultracold atomic fountain that will function as an atom
interferometric gravimeter with a projected acceleration sensitivity of 10−15 g. Applications include
setting new limits on the Equivalence Principle, measuring effects of post-Newtonian gravity in a
laboratory setting, testing the charge neutrality of atoms, and potentially detecting gravitational
waves.

Our primary aim is to use precision atom interferometry to test Einstein’s Equivalence Principle
(EP) with an accuracy of 15 digits by measuring the free-fall acceleration of individual atoms. To
reach this record sensitivity, we constructed a 10-meter tall vacuum chamber where we will drop
ultracold atom clouds consisting of two isotopes of rubidium. The resulting free-fall times are up to
2.7 seconds long, allowing us to test for EP-violating differential accelerations between the isotopes
as small as 10−15 g. Our systematic error model includes backgrounds such as the Earth’s rotation,
gravity inhomogeneities and stray magnetic fields, and all effects appear controllable at the required
level.[1]
With such high precision, we can also use our apparatus to measure novel general relativistic
(GR) effects that have never been observed in a laboratory environment, including the gravitational
attraction of the atom’s kinetic energy. To model these effects, we developed a relativistically correct
calculation of the phase shift for an atom interferometer in an arbitrary space-time metric. We
apply this formalism to the Schwarzschild metric using the parameterized post-Newtonian (PPN)
framework and find GR effects at the 10−15 g level which will be observable in our apparatus.[2]
A modified version of our EP apparatus can also be used to improve the limits on the charge
neutrality of atoms. As a result of the scalar Aharonov-Bohm effect, directing the two arms of
our interferometer through regions of different electric potential can allow for the detection of
electron-proton charge asymmetries as small as 10−28 e, a six order of magnitude improvement over
current bounds.[3]
Finally, we consider the possibility of detecting gravitational waves with atom interferometry. We
calculate the strain sensitivity assuming the core technology of our EP apparatus and study the
requirements needed to suppress potential background noise sources for a specific experimental configuration. By comparing two widely separated atom interferometers run using common light pulses,
our proposed configuration greatly suppresses laser phase and terrestrial seismic noise, allowing for
detection of gravity waves in the frequency range from 1 to 10 Hz that is otherwise inaccessible to
Earth-based detectors.[4]

[1] Jason M. Hogan, David M. S. Johnson, Mark A. Kasevich, arXiv:0806.3261 [physics.atom-ph].
[2] S. Dimopoulos, P. W. Graham, J. M. Hogan and M. A. Kasevich, Phys. Rev. Lett. 98, 111102 (2007).
[3] A. Arvanitaki, S. Dimopoulos, A. A. Geraci, J. Hogan, and M. Kasevich, Phys. Rev. Lett. 100, 120407
(2008).
[4] S. Dimopoulos, P. W. Graham, J. M. Hogan, M. A. Kasevich and S. Rajendran, arXiv:0806.2125 [gr-qc].
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Second order coherence of exciton-polariton condensates

1

T. Horikiri12 , G. Roumpos2 , S. Utsunomiya1 ,
A. Löﬄer3 , A. Forchel3 , and Y. Yamamoto12

National Institute of Informatics, Hitotsubashi 2-1-2, Chiyoda-ku, Tokyo 101-8403, Japan.
2
E. L. Ginzton Laboratory, Stanford university, Stanford, California 94305, USA.
3
Technische Phisik, Universität Würzburg,
Am Hubland, D-97074 Würzburg, Germany

We observe the second order correlation function of trapped exciton-polariton
condensate. Experimental results show that full coherence is not achieved
above threshold.
We experimentally observe the behavior of the second order correlation of excitonpolariton condensates in GaAs quantum well embedded in AlAs/AlGaAs DBR microcavity. It is laterally trapped by shallow potential formed under metallic hole
structure on the sample. Shallow potentials (≈ 200µeV) are formed under the metallic holes which work as trapping potential of polaritons [1].
The second order correlation of the exciton-polariton trapped under metallic hole
is measured by using Hanbury-Brown Twiss type setup. Observed area is selected by
inserting a pinhole into micro PL setup. And detected signal is also ﬁltered spectrally
by inserting monochromator into the light path.
The second order correlation shows deviation from unity above threshold, which
has recently been expected theoretically [2, 3].
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FIG. 1: g2 (0) vs pump power. Observed metallic hole has 5.5µm diameter. (left): Spectrally ﬁltered
case. Spectral width of inset values around the polariton ground state is ﬁltered by a monochromator.
As pump power is increased, the central wavelength of the ground state is shifted due to the blue shift
of photoluminescence. (right): Spatially ﬁltered case. 6µm and 4µm diameters are ﬁltered by inserting
pinholes at near ﬁeld imaging plane.
acknowledgement: This work is supported by NICT.

[1] S. Utsunomiya, L. Tian, G. Roumpos, C. W. Lai, N. Kumada, T. Fujisawa, M. Kuwata-Gonokami, A.
Löﬄer, S. Höﬂing, A. Forchel, and Y. Yamamoto, Nature Physics 4, 700 (2008)
[2] P. Schwendimann, and A. Quattropani, Phys. Rev. B 77, 085317 (2008).
[3] D. Sarchi, P. Schwendimann, and A. Quattropani, Phys. Rev. B 78, 073404 (2008).
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Ryan Camacho, Praveen Vudya Setu, David Starling, and John Howell
Department of Physics and Astronomy, University of Rochester, Rochester NY 14627
howell@pas.rochester.edu
APPLICATIONS OF SLOW AND STOPPED LIGHT
We report on a series of several ``slow light" and “stopped light” experiments
demonstrating the promise of applications in fields ranging from telecommunications, to
digital signal processing to quantum communication. We first show that twodimensional images can be delayed while preserving the amplitude and phase information
of the images. The system we use has several noteworthy characteristics. It requires no
additional laser beams to prepare the slow light medium. This results in low background
noise and a high signal-to-noise ratio in the delayed image, even at very low light levels.
The transverse images can be delayed by many times the pulse length without affecting
the phase stability of the image. This is demonstrated by interfering the images with a
pulsed local oscillator and monitoring the interference pattern. The interference stability
has almost no dependence on the slow light system, but only the corresponding free-space
characteristics. This remarkable property leads to stable and high fringe visibility when
the delayed image interferes with a local oscillator even if the slow light medium has
moderate thermal instabilities.
The system is then shown to preserve the quantum features of a time-energy entangled
pair of photons. Using the fine structure states of Rb, the high-bandwidth (1.3 THz) down
conversion from a spontaneously generated pair of entangled photons, is controllably
delayed in a hot vapor. It is shown that the entanglement of the photons is preserved in
this “quantum buffer”. The entanglement is only lowered due to the temporal broadening
of the pulses in the slow light medium, but still exceeds a value sufficient to violate a Bell
inequality.
We will then discuss the stopping of images in a hot vapor. Using coherent atomic
effects, we slow and then stop an image in the hot atomic vapor, by imprinting the local
electromagnetic field in the coherences of the vapor. The image can then be retrieved at a
later time by reading out the coherences. Surprisingly, the image contrast is preserved
even in the presence of strong diffusion in the system.
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Single Particle Aerosol Detection using Laser-Induced Fluorescence
Hermes Huang1, Yong-Le Pan1, Steven Hill2, Ronald Pinnick2, and
Richard Chang1
1

Department of Applied Physics, Yale University, 15 Prospect St., New Haven, CT 06511
2
U.S. Army Research Laboratory, 2800 Powder Mill Road, Adelphi, MD 20783

The ability to detect a single aerosol particle allows particle-by-particle analysis of what
is present in the air. We have developed an instrument that is capable of of measuring laserinduced fluorescence from two separate excitation wavelengths from a single aerosol particle in
real time. In addition to measuring fluorescence spectra, we have developed methods for specific
aerosols to be collected for further analysis, either on a substrate on into a liquid solution.
Applications for this instrument include biowarfare agent detection, bacterial and pathogen
monitoring, and general environmental monitoring of the atmosphere.
We have measured ambient aerosol data from New Haven, CT, Adelphi, MD, and Las
Cruces, NM [1]. We have also demonstrated how using two different spectra from two excitation
wavelengths yields better particle discrimination than using a single excitation wavelength[2].
Finally, we have developed an air puffer which can deflect specific particles based on
information from the on-board processor onto a separate substrate for further analysis [3].
Figure 1: Schematic of single particle fluorescence
spectrometer. Particles are drawn through an air-to-air
concentrator at a rate of 300 L/min, and then through a
nozzle that focuses the particles to a jet (approximately
300 µm in diameter). When the particle passes through
the intersection of two diode lasers at different
wavelengths (not shown) the simultaneous scattering
event at two wavelengths triggers two UV lasers in rapid
succession. An image-preserving Schwartzchild objective
focuses the scattering and emission from the particle to a
split filter positioned to block the appropriate scattered
light from the successive laser pulses at the imput slit of
the spectrograph. A 32-anode photomultiplier tube with a
hardware processor records the spectra onto a computer
hard drive.
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Exploring transport of a weakly-interacting BEC in a random
potential
Randall G. Hulet, Dan Dries, and Scott E. Pollack
Department of Physics & Astronomy, Rice University, Houston, Texas 77005

Abstract: We study transport of a weakly-interacting Bose-Einstein condensate in the presence
of a random disordered potential. The interactions are tuned to be very small to explore the
Anderson regime.
Disorder is known to play an important role in the transport of particles in a variety of contexts,
including electronic materials, granular superconductors, and liquid helium in porous media. In
cold atom physics, we have the ability to tune most of the relevant parameters, such as the
disorder strength and length scale, the interaction strength between particles, and even their
velocity.
We use Bose-Einstein condensates (BEC) of 7Li to explore the effects of a disordered potential
created with optical speckle. The autocorrelation of the speckle intensity is Gaussian with a
characteristic length scale of ~4 m. We have shown that the interactions in 7Li can be varied
over a range of 6 decades by using a Feshbach resonance. Of particular interest for studies of
disorder is the regime where the coherence, or healing, length is comparable to the disorder
length scale. This is the regime of Anderson localization, a single-particle interference effect.
We are primarily interested in understanding how small, but finite interaction affect the
localization phenomenon.
We perform two types of experiment; in the first, dipole oscillations are excited by suddenly
displacing the BEC in its harmonic trapping potential. Weak disorder has the effect of damping
the dipole oscillations at rate that depends on disorder strength, initial velocity, and atomic
interactions. We have mapped out a “phase diagram” showing how damping rate depends on
these parameters. In the second experiment, the axial confining potential is suddenly removed,
allowing the condensate to freely expand in one-dimension. The results of these experiments
will be presented.
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Entanglement based Quantum Cryptography:
From intra city links to inter island quantum communication
1

H. Hübel1, R. Ursin2, T. Jennewein2, A. Zeilinger1,2
Quantum Optics, Quantum Nanophysics and Quantum Information, Faculty of Physics, University of Vienna,
Boltzmanngasse 5, 1090 Vienna, Austria
2
Institute for Quantum Optics and Quantum Information, Austrian Academy of Sciences,
Boltzmanngasse 3, 1090 Vienna, Austria
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Entanglement lies at the heart of many quantum communication algorithms. We present two QKD systems, both
based on entanglement using optical fibers and a free space channel. We will highlight the recent technological
advances which allowed the distribution of entanglement both in deployed fiber links as well as a distribution
over a 144km free space link.
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Our source generates polarisation entangled photon pairs at non-degenerate wavelengths [1] to make
use of the low attenuation in fibers around 1550nm. Due to the entangled state, both photons collapse
into the same polarisation upon measurement and a BB84-QKD protocol can be implemented. The
complete QKD system is compact, portable and 19’’ compatible. The “Alice” module which houses
the source, the detection module for the 810nm photons and all electronics for post-processing the
detection events into a secure key, stands at 26cm height and its counterpart “Bob” at 13cm, see fig.1a.
a)
b)
3000
20

100
200
300
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Fig. 1: a) shows our portable QKD system based on entanglement with sender “Alice” on the left and receiver
“Bob” on the right. b) Secure key generation rate and QBER of a 300 hour run over a 16km fiber link in the city
of Vienna. Gaps in the plot are due to maintenance work on the network and are not caused by our prototype.

In order to guarantee a reliable key distribution several control loops had to be implemented:
• Source stabilization: Drifts in the mechanical setup will lead to a reduced coupling efficiency.
• Polarisation stabilization: The polarisation drifts inside optical fibers need to be compensated.
• Delay stabilisation: Synchronisation pulses need to be stabilised.
Figure 1b shows the extracted secure key rate and QBER of a run in a deployed fiber network in the
city of Vienna. The data was taken over a 2 week period and shows the stability of the key exchange
over this time with an average rate of > 2000 bit/s and an average error of 3.5%. To our knowledge
this has been the longest continuous distribution of quantum correlations over such a distance in
deployed fibers.
The QKD experiment involving a free space channel was performed over a distance of 144 km
between the Canary Islands La Palma and Tenerife [2]. One of the entangled photons was sent to the
Optical Ground Station (OGS) in Tenerife, while the other one was analyzed and detected locally. We
employed closed-loop tracking systems on both, the transmitter as well as the receiver side, in order to
insure a stable quantum link.
In addition to the cryptographic aspect, our experiments also show the long term distribution of
entangled states over long distances. The techniques described here are also tools for more advanced
protocols like teleportation or entanglement swapping. Ultimately this research leads in the direction
of quantum repeaters which would allow the sharing of entanglement over arbitrary distances.
[2] H. Hübel et al., High-fidelity transmission of polarization encoded qubits from an entangled source over
100km of fiber, Opt. Express, 15, 7853, (2007),
[3] R. Ursin et al., Entanglement-based quantum communication over 144km, Nature Physics 3, 481-486, (2007)
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Surface Plasmons and the Casimir Effect
Francesco Intravaia

Universitaet Potsdam, Institut fuer Physik, Karl-Liebknecht-Str. 24/25, 14476 Potsdam-Golm, Germany
I show that the contribution of the surface plasmons to the Casimir effect presents non-intuitive
and quite surprising feautures. They could be used in order to taylor the strength and perhaps the
sign of the interaction.

The Casimir effect is one of the most intriguing predictions of quantum field theory [1]. In the simplest form,
it consists of an attractive force between two neutral, non magnetic, parallel and plane mirrors placed in the
vacuum at zero temperature. During the last years, this force has been measured with modern experimental
techniques, and several experiments claimed an accuracy in the % range [2]. Much of this renewed interest is
driven by the opportunities and challenges that Casimir forces offer to nanotechnology [3]. Moreover, the theoryexperiment comparison is the key point for several experiments searching for new short-ranged weak forces predicted
in theoretical unification models [4].
Here, I illustrate the connection between the Casimir effect between two metallic parallel plane mirrors and the
surface plasmons, that is evanescent field modes associated with the collective electron excitations propagating on
the metal/vacuum interface. I will show that the plasmonic contribution to the Casimir effect has quite non-intuitive
properties. [5, 6] This stresses the importance of these modes in the calculation of the Casimir force and brings to
light a way through which one might hope reversing the sign of the force. I will also outline how a similar technique
can be used in order to study the Casimir force in configurations involving metamaterials [7].
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Figure 1: Dispersion relations for TM-polarized modes between

Figure 2: A plot of plasmonic Epl , photonic Eph and total

two metallic bulks described by the plasma model (solid line),
compared to perfect conductors (dashed line). The solid (red)
curves, lying under the light cone and crossing it, represent the
plasmonic modes, and the (black) curves, lying above the light
cone, the photonic modes.
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Casimir energy E vs. distance L, normalized to the plasma wave2
A
. The plaslength λp . We normalize the energy to (2π)3 ~cπ
720λ3
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monic energy shows a maximum for L ≈ 0.16 λp , where the corresponding force contribution changes sign.
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Manipulating single electron and nuclear spin in diamond
F. Jelezko, P, Neumann and J. Wrachtrup
3. Physikalisches Institut, Universität Stuttgart
Diamond is famous for its exceptional properties like extreme hardness, high refractive index,
and record thermal conductivity. That’s why applications of diamond cover a huge and ever
growing field. In this talk I will focus on exceptional optical and spin properties associated
with single impurity atoms in diamond crystal. Such defects have been identified as a
prominent candidate for quantum information processing and quantum cryptography a few
years ago, but technology for controlling single spins was developed only recently. In
particular, it becomes possible to place single impurity atoms into diamond lattice with high
degree of control. Having single atom doping process at hand, we explore spins of single
atoms for quantum applications. Usually single nuclear spin are difficult to control and readout. This however is not the case for nuclei in the diamond lattice coupled to color centers.
We demonstrate the generation and precise tomography of bi- and tripartite nuclear and
electron nuclear spin entanglement. It proves that the quality of entanglement is excellent
fostering their potential use in quantum applications like quantum teleportation protocols.
References
Neumann, et al. Multipartite entanglement among single spins in diamond. Science 320,
1326-1329 (2008).
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New Analytical Solution for Two Level Systems
1

2

Pankaj K. Jha1 , Yuri V. Rostovtsev1 and Marlan O. Scully1,2

Institute for Quantum Studies and Department of Physics, Texas A&M University, TX 77843.
Applied Physics and Materials Science Group,Engineering Quad,Princeton Univ., Princeton 08544.
We present analytical solutions for a two-level system interacting with a class of strong non-resonant
asymmetric pulses.

The Hamiltonian of a two level system and the state vector can be written as
Ĥ = ~ωc |ci hc| − ℘E |ci hd| − (℘E)∗ |di hc|,

|Ψi = C(t)e−iωc t |ci + D(t) |di

(1)

where ~ωc is the energy difference between two levels;℘ is the atomic dipole moment; E(t) = E(t)cosνt is the
iωc t
classical external electromagnetic field. Introducing Ω̃(t) = ℘E(t)
, the Schrödinger equation yields equation of
~ e
motion for the state |ci probability amplitude
C̈(t) − (i∆ + Ω̇/Ω)Ċ(t) + |Ω|2 C(t) = 0

(2)

For the asymmetric pulse defined by Ω1 (t) = √Ωo sechαt , δ ≥ 1, and using the scaling parameters τ = αt,
δ−tanhαt
∆
γ = Ωαo . Eq(2) can be written as
α,



1 1 − 2δtanhτ + tanh2 τ
γ 2 sech2 τ
C̈(τ ) − iβ +
Ċ(τ ) +
C(τ ) = 0
2
δ − tanhτ
δ − tanhτ
The solution for Eq(3) satisfying the initial conditions, C(−∞) = 0,

where
1 iβ
v= + ,
2
2

1
w= ,
2

γ2
q=− ,
2

a = 0,

(3)

|D(−∞)| = 1 is given as in terms of Hl

C = P2 (1 − θ/c)1−w θ1−u Hl [c, q − v(u − 1)c − a − b + v + 1; −b + v + 1, −a + v + 1, 2 − u, v, θ] ,

1 iβ
u= − ,
2
2

β=

1
b=
2

δ+1
c=
,
2

θ=

1 + tanhτ
2
(4)

"

√ #
1
2 2 −w −q
P2 = i
vcw

(5)

√
For the asymmetric pulse defined by Ω2± (t) = Ωo sechαt( 1 ± tanhαt), Eq(2) can be written as

FIG. 1: (i) and (iii) are the wave pulses.(ii) and (iv) are the time dependence of the population in level C respectively. For
calculation we take α = 0.08ωc , Ωo = 0.02ωc , ∆ = 0.2ωc for (ii) while varying δ for (iv)



1
¨
C± (τ ) − iβ ± (1 ∓ 3tanhτ ) C˙± (τ ) + γ 2 sech2 τ (1 ± tanhτ )C± (τ ) = 0
2

(6)

The analytical solution for Eq(6) is given in terms of Confluent Heun Equation solution Hl(c) . For C+ , solution is
√
C+ = i( −σ/(u − 1))θ1−u Hl(c) [0, −u + 1, v − 1, σ, (1 − uv)/2, θ], u = −iβ/2, v = 1/2 + iβ/2, σ = −2γ 2 (7)
References:
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[2] M.V.Fedorov, Opt. Commun. 12, 205 (1974), M.V.Fedorov, Sov. J. Quant. Electron. 5,816 (1975)
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Laser−Plasma Accelerators for Generating Directional
X−ray beams.
Chan Joshi and Chris Clayton
Department of Electrical Engineering
University of California at Los Angeles
Directional sources of x−rays are desired in many areas of science and industry.
We are proposing a compact source of incoherent but directional x−rays based on
the wiggle motion of relativistic electrons in a laser−plasma accelerator . A
short but intense laser pulse can excite a space charge wave in a plasma at the
plasma frequency ,in analogy to a pi pulse propagating through a resonant two
level atomic system .However the plasma medium , unlike an atomic system has
additional degrees of freedom .When the amplitude of the space charge
oscillation becomes extremely large ( this is analogous to complete inversion of
population in a two level system) plasma electrons can be trapped by the wave
itself and accelerated to high energies in a short distance .These electrons in
turn can wiggle because of the transverse focusing force provided by the plasma
ions and radiate photons in the forward direction.
When a highly relativistic electron (gamma >> 1) is injected off−axis (r0> 0)
into an ion channel by the trapping process described above, the restoring force
of the radial field of the ions will cause the electron to accelerate towards
the axis, overshoot, and begin to undergo oscillations about the ion−column axis
at a characteristic frequency; the betatron frequency. This so−called betatron
motion will cause the electron to radiate hard x−rays in the forward direction.
In two recent experiments at the Stanford Linear Accelerator Center (SLAC),
betatron x−rays in the 1−20kV range and in the 1−50MV range were produced with
an electron beam with gamma = 56000 for ion densities ni0 of about 1e14 and
1e17, respectively.
To make such an x−ray source more compact, the 3km long SLAC linac would be
replaced by a source of electrons from a Laser Wakefield accelerator (LWFA);
that is, where the longitudinal fields of an electrons plasma wave become a
miniature linac. With todays high−intensity lasers, the laser−driven plasma wave
can be very nonlinear. In this case, the ion channel occurs naturally since the
charge separation producing the plasma wave occurs with the plasma electrons
blown out radially by the nonlinear force of the laser pulse. This is the
so−called bubble or blowout regime and the electron acceleration takes place in
an ion channel. The characteristic frequency of the resulting photon spectrum
scales as gamma^2 * r0 * ni0, but in a LWFA that is one dephasing−length long,
the high−gamma contribution to the spectrum occurs only at the end of the
acceleration process. The challenges are to get a high charge of accelerated
electrons at gammas well over 2000. The ongoing development of the simulation
tools at UCLA, QuicPIC and OSIRIS, are being used to help plan a roadmap to the
desired photon source.
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Quantum Multiple Scattering
R. Kaiser1
1

Institut Non Linéaire de Nice, CNRS and Université de Nice
Sophia-Antipolis,
1361, route des Lucioles, 06560 Valbonne, France

Cold atoms have emerged as interesting quantum system to study coherent
transport properties of light. First experiments have established that dilute
samples with large optical thickness allow studying weak localization of light.
The present goal of this research is to study coherent transport of photons
in dense samples. The quest for Anderson localization of light is among the
most interesting questions currently studied. One important aspect in the quest
of Anderson localization of light with cold atoms is the relation of Anderson
localization and Dicke super- or subradiance. With large and dense samples
of cold atoms the interplay between these different phenomena can be studied.
Also, if one combines gain with multiple scattering, new situations such as a
random lasing can arise. Cold atoms thus continue to allow for new exciting
physics to be investigated.
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Photon Lévy Flight in a Rubidium Vapor
N. Mercadier1 , M. Chevrollier2 , W. Guerin1 , R. Kaiser1 ,
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Sophia-Antipolis,
1361, route des Lucioles, 06560 Valbonne, France
2
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Lévy flights are a class of random walks with heavy-tailed jump size distribution functions that lead to anomalous diffusion phenomenons1 . Though
theoritical and numerical studies have shown the ubiquity of these processes2,3 ,
experimental investigations have been limited 4 . However, it has been shown
recently by studying the shape of the photons jump size distribution that radiation trapping in atomic vapors should give rise to a Lévy flight regime5 . Here,
we introduce an experimental setup which allows to perform direct measurment
of this distribution. The measured step length distribution is shown to scale
like a power law, thus beeing characteristic of an anomalous diffusive regime.

Figure 1: LEFT : Experimental setup. Inset: Beam attenuation at 41C . RIGHT:
Experimental measure of the attenuation for a directly incoming laser beam (circles)
and for a beam originated in the source cell (crosses), compared to calculations (respectively dotted and continuous lines). The attenuation of the scattered beam appears
to be linear in log scale, which is characteristic of a power law.

1 P.P.

Lévy, Gauthiers-Villars (1937)
Geisel & al, Phys. Rev. Lett. 54,616-619 (1985).
3 P. Drysade & P.A. Robinson, Phys. Rev. 58, 5382-5394 (1998)
4 P. Barthelemy & al, Nature 453, 779-782 (2008)
5 E. Pereira & al, Phys. Rev. Lett. 93, 120201 (2004)
2 T.
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Towards a Random Laser with Cold Atoms
W. Guerin1 , N. Mercadier1 , F. Michaud1 , D. Brivio1 , L. S. Froufe-Pérez2 ,
R. Carminati3 , R. Kaiser1
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Cruz 3, Cantoblanco, Madrid 28049, Spain
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Paris Cedex 05, France

Since the Letokhov’s seminal paper1 , random lasers have received increasing interest. Random lasing occurs when the optical feedback due to multiple
scattering in the gain medium itself is suﬃciently strong to reach the lasing
threshold. So far, it has been observed in a variety of systems2 , but many open
questions remain to be investigated, for which better characterized samples can
be highly valuable. A cloud of cold atoms could provide a promising alternative
medium to study random lasing, allowing for a detailed understanding of the
microscopic phenomena and a precise control on essential parameters such as
particle density and scattering cross-section. We report our progress towards
this goal.3 , 4 .

1 V.

S. Letokhov, Sov. Phys. JETP 26, 835 (1968).
S. Wiersma, Nature Phys. 4, 359 (2008).
Guerin, F. Michaud and R. Kaiser, Phys. Rev. Lett. 101, 093002 (2008).
4 L. S. Froufe-Prez, W. Guerin, R. Carminati and R. Kaiser, submitted (2008).
2 D.

3 W.

PQE-2009

141

Quantum phase transition, symmetry breaking, and
entanglement in one-dimensional Bose gas
Rina Kanamoto 1, Lincoln D. Carr 2, and Masahito Ueda 3
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Entanglement measures are applied for the analysis of quantum phase transitions in the onedimensional itinerant Bose gas on a ring.
For the case of attractive interaction, the ground state undergoes a second-order quantum phase
transition from the uniform-density state to a bright soliton state as the strength of interaction is
increased. The generalized Q measure [1] shows that the global inter-mode entanglement is
enhanced in the quantum soliton regime. The entanglement entropy, on the other hand, reveals
that there exists quantum correlation beyond the Bogoliubov-type correlation between (+l, -l),
where l is the single-particle angular-momentum quantum number.
We further generalize the concept of quantum phase transitions, which is usually defined in the
ground state, to one for metastable states of the Lieb-Liniger model in a rotating frame. The
metastable states are found to be uniform superflow and gray/dark solitons. Because of the
bifurcation of the energy branch of the soliton trains from the superflow branch, the phase of the
condensate wave function can be continuously unwound and wound [2].
To support our study, we compare results calculated from mean-field theory, linear perturbation
or Bogoliubov-de Gennes theory, exact diagonalization in a truncated angular momentum basis,
and the finite-size Bethe ansatz. Our Bethe-ansatz-based calculations explicitly demonstrate how
the metastable supercurrent and quantum-soliton excitations in the weakly-interacting regime
continuously transform into those in the strongly-interacting, Tonks-Girardeau regime [3].

References
1. D.A. Meyer and N.R. Wallach, J. Math. Phys. 43, 4273 (2002); G.K. Brennen, Quantum Inf.
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Observing the Coupled Motions of Electrons and Atoms in Polyatomic
Molecules
W. Li, E. Gagnon, A. Sandhu, X. Zhou, V. Sharma, R. Lock, M. Murnane, H Kapteyn
JILA and Department of Physics, University of Colorado, Boulder CO 80309-0440
Serguei Patchkovskii and Albert Stolow
Steacie Institute for Molecular Sciences, National Research Council, Ottawa, ON, Canada
Robin Santra, Phay Ho
Argonne National Laboratory, Argonne, Illinois 60439, USA
Predrag Ranitovic, C. Lewis Cock
J. R. MacDonald Lab, Physics Deparment, Kansas State University, Manhattan, Kansas

The ability to reveal fast correlated electronic dynamics with ultrafast soft x-ray radiation has
attracted considerable interest in recent years. This talk will discuss new experiments that allow
us to follow dynamic changes in the coupled motions of electrons and atoms in polyatomic
molecules for the first time. In the first experiment, we use attosecond time-scale electron
recollisions that underlie the process of high harmonic generation to reveal coupled electronic
and nuclear dynamics in polyatomic molecules. By exciting large amplitude vibrations in a dimer
N2O4 molecule, we show that tunnel ionization accesses the ground state of the ion at the outer
turning point of the vibration, but populates the first excited state at the inner turning point.
Because the shape of the electron orbitals change as the molecule changes shape, the liberated
electron is able to recombine with the ion at the outer turning point of the motion, but not at the
inner turning point. This state switching mechanism is manifested as bursts of high harmonic
light emitted mostly at the outer turning point. More broadly, these results show that high
harmonic generation and strong field ionization in polyatomic molecules undergoing bonding or
configurational changes involve the participation of multiple molecular orbitals.
In the second experiment, we investigate the dissociation of super-excited molecules that have
been ionized by an x-ray. In general, some of the fastest electronic processes involve highly
excited states. In particular, when a fast pulse of x-rays irradiates an oxygen molecule, highly
excited states are created that decay, or autoionize, by ejecting a second electron from the ion.
We find that autoionization following soft x-ray photoionization of molecular oxygen follows a
complex, multi-step, process. By interrupting the autoionization process using a short laser pulse,
we find, surprisingly, that autoionization cannot occur until the internuclear separation of the
fragments is greater than approximately 30 Ångstroms. Then, as the ion and excited neutral atom
separate, we directly observe the transformation of electronically bound states of the molecular
ion into Feshbach resonances of the neutral oxygen atom that are characterized by both positive
and negative binding energies. Such states have not been observed to date in neutral atoms.
These processes are relevant to radiation and atmospheric chemistry, as well as revealing new
types of states and dynamics in atoms and molecules.
References
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Can two-photon interference of thermal light be
considered as statistical correlation or anti-correlation
of intensity fluctuations?
Sanjit Karmakar, Zhenda Xie, Hui Chen and Yanhua Shih
Department of Physics, University of Maryland, Baltimore County, Baltimore,
MD 21250
sanjitk1@umbc.edu

Abstract: We have observed nontrivial spatial correlation and anti-correlation from a
∼200 femtosecond pulsed chaotic-thermal light source. The same thermal light intensity fluctuations as that of Hanbury Brown and Twiss experiment seems own both a correlation and an
anti-correlation nature. The classical statistical intensity fluctuation correlation theory failed to
give an adequate interpretation. In the view of quantum mechanics these observations are the
result of two-photon interference.
The surprising Hanbury Brown and Twiss (HBT)[1] correlation has been interpreted as the statistical correlation of intensity fluctuations and considered as classical effect. In 2006, Scarcelli et al. [2] demonstrated a
near-field lensless ghost imaging experiment with thermal light and suggested an alternative physical cause
of two-photon interference behind the nontrivial point-to-point image-forming correlation.
In this paper, we wish to challenge the classical statistical intensity fluctuation correlation theory from a
different angle by reporting two experiments. From experiment one we observed a nontrivial spatial correlation. In experiment two, the same intensity fluctuation of thermal light as that of the HBT experiment is
able to produce a statistical “anti-correlation”. The classical concept of intensity fluctuation cannot give an
adequate interpretation.
The correlation for a short pulsed radiation is easily to be viewed as a classical convolution between the two
measured pulses. According to classical statistical intensity fluctuation correlation theory, the convolution
of the two pulses should produce the same correlation at any transverse position of the two photodetectors.
However, the measurements showed a different story. We have observed a nontrivial spatial correlation
function and an anti-correlation function from the same chaotic-thermal light source, which are reported in
Fig. 1(a) and Fig. 1(b), respectively.

Fig. 1. (a)A typical measured second-order spatial correlation function for a pulsed chaotic-thermal light
source. ( b)Measured coincidence counting rate between D1 and D2 during the scanning of xA , which is
converted into optical delay in femto-second.

These observations indicate the failure of the classical statistical intensity fluctuation correlation theory. In
the view of quantum mechanics, the observed nontrivial correlation and anti-correlation are both straightforward results of two-photon interference.
References
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Can two-photon interference of thermal light be
considered as statistical correlation of intensity
fluctuations?
Sanjit Karmakar, Zhenda Xie, Hui Chen and Yanhua Shih
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MD 21250
sanjitk1@umbc.edu

Abstract: We have observed a nontrivial spatial correlation of a ∼ 200 femtosecond chaoticthermal light source. The classical statistical intensity fluctuations correlation theory failed to
give an adequate interpretation. In the view of quantum mechanics this observation is the result
of two-photon interference.
The surprising Hanbury Brown and Twiss (HBT)[1] correlation has been interpreted as the statistical correlation of intensity fluctuations and considered as classical effect. In 2006, Scarcelli et al. [2] demonstrated a
near-field lensless ghost imaging experiment with thermal light and suggested an alternative physical cause
of two-photon interference behind the nontrivial point-to-point image-forming correlation.
In this paper, we wish to report a similar spatial correlation measurement to challenge the classical statistical
theory of intensity fluctuation correlation from a different angle. In this experiment, the classical concept of
statical correlation cannot give an adequate interpretation.
The correlation for a short pulsed radiation is easily to be viewed as a classical convolution between the two
measured pulses. According to classical statistical intensity fluctuation correlation theory, the convolution
of the two pulses should produce the same correlation at any transverse position of the two photodetectors.
However, the measurements showed a different story. We have observed a nontrivial spatial correlation
function from the same chaotic-thermal light source, which is reported in Fig. 1.

Fig. 1. A typical measured second-order spatial correlation function for a pulsed chaotic-thermal light source.

This observation indicates the failure of the classical statistical intensity fluctuation correlation theory. In the
view of quantum mechanics, the observed nontrivial correlation is the straightforward result of two-photon
interference.
References
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Interferometer (Taylor & Francis, London, 1974).
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A Biphoton Detection Scheme
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This talk describes an approach to detecting entangled photons while suppressing
background detections from non-entangled pairs to produce a “Biphoton Detecting
Device” (BDD). 1 This is achieved by exploiting the dependence of cross-sections for
entangled two-photon absorption2 (ETPA) and Random Two-Photon Absorption (RTPA)
on the frequencies of the photons driving the absorption transition. ETPA has additional
dependence on the biphoton entanglement time Te and signal/idler delay τ . For some
combinations of photon energies, RTPA is suppressed through a two-photon interference
mechanism reminiscent of the Hong-Ou-Mandel effect. The biphoton parameters Te and
τ can then be adjusted to maintain a non-zero ETPA cross-section. The energy levels for
implementing BDD in 87Rb using the 52S1/2 Æ 52D3/2 transition are shown below. BDD
has potential utility in quantum imaging applications such as remote target detection,3
microscopy4 and entangled photon lithography.5
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Figure 1. Energy levels for implementing BDD in 87Rb.
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Octave-spanning Raman comb
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We demonstrate generation of octave-spanning Raman sidebands [1] with accurate control of the carrier envelope
offset (CEO) frequency, which is realized by stabilizing the two-wavelength driving-laser radiations to an optical
frequency standard [2]. The generated broad Raman sidebands have potential to produce monocycle ultrashort pulses
with an absolute-phase control.
The conceptual schematic is illustrated in Fig.
1. The driving laser system is a dual-wavelength,
injection-locked, nanosecond pulsed Ti:sapphire
laser [3]. The two-wavelength seeds having a
frequency spacing of 10.6 THz were phase-locked
with each other through a femtosecond-laser opticalfrequency-comb that had an absolute frequency
stability equivalent to an optical frequency standard.

Fig. 1. Conceptual schematic for generation of Octave-spanning Raman comb
stabilized to an optical frequency standard.
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Empirical studies of swept gain effects in molecular lambda transitions
J.F. Kelly # , R.L Sams and T.A. Blake
Pacific Northwest National Laboratory
Richland, WA 99352
Abstract
We describe experimental observations of cw pump-probe studies of bichromatically
driven molecular λ-transitions in optical cell regimes that permit collision-aided optical
pumping. Several novel effects that mimic electromagnetically induced transparency /
absorption (EIT/A) are observed at relatively low laser irradiances ( Ipump ≤ 50 mW/cm2;
Iprobe ≤ 10 mW/cm2) for molecular pump-transitions with dipole strengths < 0.15 Debye.
In our work a weaker probe laser can induce suppression / enhancement of the pump
laser’s molecular absorption spectrum approaching 50% of the observed single-pass
absorption depth measured without the probe laser. The experiments are simple set-ups,
akin to modulation transfer spectroscopy. Weakly focused, counterpropagating,
orthogonally polarized (linear) arrangements of pump-probe excitation from two
separately tunable quantum cascade (QC) lasers drive the effects. For optically-thin
conditions, narrow dispersive spectral resonances (< 5 MHz) are observed on the wider
Doppler broadened IR transitions – however, the largest changes are frequently seen on
the frequency swept pump laser. Much smaller, but correlated effects are observed on the
probe laser. In many cases the observed lineshapes are quite analogous to nonlinear
changes of absorption first reported in cooled Cs atoms by J.W. Tabosa, et al.1 We
interpret the dominant process of ‘gain’- switching as a consequence of nearly degenerate
four-wave mixing (FWM), sometimes enhanced by a close succession of stimulated
Raman transitions. Mechanisms for gain switching probably involve both Raman and
FWM processes.2 A series of closely connected Raman λ-transitions (yielding ‘N-like’
structures) are a common feature in the molecules chosen for study (NO, N2O and methyl
iodine) due to quadrupole hyperfine mixing of their ro-vibrational states. Our results
suggest efficient optical transfer of population / coherences is feasible such that a weaker
probe laser induces relatively large gain changes upon the pump-laser; this can be as
large as 10% even when pump and probe detunings are > 2 Doppler widths from exact
resonance. The gain changing effects may ultimately offer an effective means for IR
coherent optical communication using frequency shift keying protocols in gas cells.
References:
1. J.W.R. Tabosa, G. Chen, Z. Hu, R.B. Lee and H.J. Kimble, “Nonlinear spectroscopy
of cold atoms in spontaneous-force optical trap,” Phys. Rev Lett. 46 (25), 3245 - 3248
(1991).
2. W. Guerin, F. Michaud and R. Kaiser, “Mechanism for lasing with cold atoms as the
gain medium,” Phys. Rev. Lett. 101, 093002 (2008).
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Fabrication and Characterization of Slab Microcavities
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There is considerable interest in fabricating high-Q nanocavities having very small volumes for delivering single
photons on demand and for attaining strong coupling and entanglement between a single quantum dot (QD)
transition and a single mode of a cavity [1]. Such devices play important roles in quantum information science and
quantum cryptography.
Molecular beam epitaxy (MBE) is used to grow a buffer, sacrificial layer, and slab with or without quantum dots in
its center. Two types of MBE structures have been grown. On a GaAs substrate, the buffer is 600 nm of GaAs, the
sacrificial layer is 1000-1500 nm of Al0.7Ga0.3As, and the slab is about 300 nm of GaAs. The sample without QDs is
called UdayWG4, and the ones with QDs are dubbed QD24, QD28, and QD29. On an InP substrate, the
buffer/sacrificial layer is 1000 nm of Al0.48In0.52As, and the slab is about 280 nm of Ga0.32Al0.15In0.53As with 6 nm
Ga0.47In0.53As above and below; the sample name is HSG7. A QD sample HSG4 was also grown on InP with a 500nm buffer of Al0.48In0.52As and 3.5 monolayers of InAs for the QD layer. The samples are characterized before
fabrication as follows: the top surface roughness by atomic force microscopy (AFM), the layer thicknesses and
interface roughness between the sacrificial layer and slab by transmission electron microscopy (TEM), the QD
transition energies by low-temperature photoluminescence, and QD cross sections by TEM (HSG4).
The fabrication is done by e-beam lithography followed by an etch process to generate patterns of holes to form the
nanocavities. Chemically assisted ion beam etching (CAIBE) is used in the case of GaAs slabs, whereas inductively
coupled plasma-reactive ion etching (ICP-RIE) is employed for GaAlInAs based slabs. Then the sacrificial layer is
etched away by a (chemical) wet etch to obtain edge-supported suspended slabs. The fabricated cavities are then
studied by scanning electron microscopy (SEM), and the cavity Qs are determined by photoluminescence if the slab
contains QDs.
Examples will be given of both good and bad MBE growth and fabrication. AFM is a quick way to determine if the
top surface is flat, but there are cases (QD24 and QD28) where the top of the slab is reasonably flat but the bottom
(the interface between the sacrificial layer and the slab) is not, as revealed by TEM. In this case the surface
smoothens as the slab is grown. There are other samples where both the top and bottom of the slab are smooth
(UdayWG4), while HSG7 and QD29 have not yet been examined by TEM. Similarly, the photonic crystal hole
diameters and wall verticality are sensitive to the resist and e-beam exposure and stability, as will be illustrated.
The Tucson and Caltech groups acknowledge support from CIAN, an NSF ERC.
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Nonperiodic nanophotonics
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Quasicrystals are non-periodic, yet they exhibit long-range order resulting from the underlying deterministic
construction principle. Recently man-made quasicrystals with inter-atomic spacings comparable to the wavelength
of light, “photonic quasicrystals”, have become available in one and three dimensions. Most of these tailored
photonic nanostructures have been passive in the sense that they do not actively emit light. We have fabricated and
characterized active one-dimensional photonic quasicrystals based on excitonic resonances [1]. The structures
consist of high-quality GaAs/AlGaAs quantum wells grown by molecular-beam epitaxy with wavelength-scale
spacings satisfying a Fibonacci sequence [2]. Measured reflectivity spectra as a function of detuning between
excitonic resonance and average Bragg wavelength are in good agreement with transfer-matrix computations. Our
photoluminescence experiments suggest that active photonic quasicrystals can be good light emitters: While their
long-range order results in a stopband similar to that of photonic crystals, the lack of periodicity effectively acts like
a defect and leads to transmission and emission peaks within the stopband. Recent nonlinear reflectivity
measurements and corresponding computations will also be presented. Our attempts to grow Fibonacci sequence
InGaAs/GaAs quantum wells, which we used so successfully when spaced periodically, resulted in uselessly broad
linewidths and surface undulations of high amplitude which remain to be explained [3]. Photonic crystals in 3D,
which can now be fabricated by direct laser writing [4], are candidates for loading with light emitters which may
help elucidate their optical properties just as they do for photonic crystal slab nanocavities.
Support from AFOSR and NSF is gratefully acknowledged.
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Interface roughness and ionized impurity broadening
-is it homogeneous or not?
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Department of ECE, Johns Hopkins University, Baltimore, MD 21218
jakek@jhu.edu
Abstract: The impact of the interface roughness and ionized impurities on
intersubband transitions (IST) in quantum wells is analyzed as an
inhomogeneous broadening due to localization rather than a traditional
scattering process.
The performance of intersubband devices, such as photo-detectors (QWIP) and
quantum-cascade lasers (QCL) critically depends on the transition linewidth, which is
determined by a combination of a number of broadening mechanisms. Often, depending
on the wavelength region, temperature, and doping level, one of these broadening
mechanisms dominates. For instance, in QWIP’s the ionized impurity scattering (IIS)
dominates, while in QCL’s it is interface roughness broadening (IRB). Typically these
two mechanisms are as lifetime broadening due to elastic scattering of conduction
electrons the broadening is then purely homogeneous. Indeed, the mostly homogeneous
character of IRB has been corroborated by the lack of the experimental evidence of
spectral hole burning, even at high intensities. While the momentum scattering model is
most conducive to evaluation of transport properties, in the determination of optical
properties this would not necessary be the best method. The potential energy, while
randomized in space, is still independent of time – hence a set of stationary eigenstates
should be sufficient to fully characterize the system. In this work we develop a simple
model for calculating broadening using variational principle. The IIS and IRB causes the
eigen states to be spread out in the momentum space which in turn leads to possibility of
the non-vertical transitions and thus to effective inhomogeneous broadening of

the

transition energy. We also give a simple explanation for co-existence of gain and
absorption in the QCL observed and furthermore predict interesting phenomena of
motional narrowing in the regime of strong coupling with light.
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Slowing down of a guided light field along a nanofiber
embedded in a cold atomic gas
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We develop a systematic formalism for describing the propagation of a guided probe light field along a
nanofiber embedded in a cold atomic gas. Our formalism is based on combining the rigorous fiber theory
and the continuous-mode quantum optics. Instead of the electric field amplitude, which is a localized
quantity, we treat the photon flux amplitude, which is a global characteristic in the fiber cross-section plane.
We show that, although the field in a guided mode has three nonzero spherical-tensor components and is an
evanescent wave in the outside of the fiber surface, the propagation of the field through a gas medium can
be described by a general axial (one-dimensional) equation for the amplitude of the photon flux. This
equation incorporates the complexity of the guided-field vector structure and the evanescent-wave nature of
the guided-field transverse profile. We use this formalism to explore the possibility of slowing down of a
guided light via the process of electromagnetically induced transparency. We derive the absorption
coefficient, the phase shift coefficient, and the group velocity for the photon flux amplitude. We show that
the propagation characteristics for the photon flux amplitude are equal to the averages of the corresponding
characteristics for the localized electric-field amplitude over the fiber cross-section plane. We find that,
despite the effects of the spatially varying detuning, caused by the van der Waals potential, and the spatially
varying coupling, caused by the evanescent-wave nature of the guided mode in the transverse plane, the
group velocity of the guided probe light field can be substantially reduced due to the steep dispersion of the
atomic gas in the condition of electromagnetically induced transparency (see Fig. 1).

Fig. 1: (a) Absorption coefficient κ, (b) phase shift
coefficient θ, and (c) group-velocity reduction factor
c/Vg as functions of the intensity Ic(in) of the incident
coupling field. The fiber radius is a = 200 nm. The
atomic density at large distances is nA = 5×1010
atoms/cm3. The temperature of the atoms is T = 100 μK.
The transitions between the excited hyperfine level 6P3/2
F=4 M=4 and the ground-state hyperfine levels 6S1/2
F=3 M=3 and 6S1/2 F=4 M=4 of atomic cesium are used
for the probing and coupling transitions, respectively.
The van der Waals coefficients for the excited and
ground states are Ce = 3.09 kHz μm3 and Cg = 1.56 kHz
μm3, respectively.
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Condensation and Fluctuation for the weakly interacting N-Boson System
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We calculate the energy spectrum of the interacting N-Boson gas with the Bogoliubov transformation. With the recursive relation for the Canonical ensemble, we calculate the condensation and
the variance for the particle number in condensation.

A dilute homogeneous Bose gas interacted weakly is described by the well-known Hamiltonian
X ~2 k 2 †
1 X
H=
ak ak +
hk3 k4 |U | k1 k2 i a†k4 a†k3 ak2 ak1
2M
2V
k

(1)

{ki }

where M is the mass of boson particles, V = L3 is a volume of cubic box containing the gas, and ak and a†k
are the operators for the particle.
With the quasi-particle description (that is, βk = β0† ak and βk† = a†k β0 with β0 = (1 + n0 )−1/2 a0 ) and the
Bogoliubov transformation β̂k = uk b̂k + vk b̂†−k , β̂k† = uk b̂†k + vk b̂−k the Hamiltonian is diagonalized and the
energy spectrum is calculated.
With the following recursive relation for Boson system, and the partition function Zn∗ (β) for the quasiparticle,
N
1 X
ZN (β) =
Z1 (nβ)ZN −n (β),
N n=1

ZN (β) =

N
X

e−(N −n)β0 Zn∗ (β),

(2)

n=0

we can construct the density operator for the equilibrium state.
ρIntBG =

N
X
M =0

PM

X0

P ({ni } | M ) |{ni }M i h{ni }M |

(3)

{ni }

where {ni } covers only for the excited states, not the ground state, and the number-restriction gives
X
ni = M . And the probability PM and P ({ni } | M ) are calculated from the quasi-partition function
i

Zn∗ (β).
For N = 20, the condensation and variance are shown
2

1

quasi Canonical an1/3 = 0.10
CNB 3 an1/3 = 0.10
CNB 5 an1/3 = 0.10
Exact CE in ideal case

1.6

0.7

1.4

0.6

1.2

0.5

0.4

Interacting Bose Gas
in a cubic Box

0.6

0.2

0.4

N = 20

0.1

0

1

0.8

Interacting Bose Gas
in a periodic cubic Box

0.3

quasi Canonical : semi-Quantum an1/3 = 0.10
CNB 3 an1/3 = 0.10
CNB 5 an1/3 = 0.10
Exact CE in ideal case

1.8

0.8

<δ n20>/N

<n0>/N

0.9

0

0.2

N = 20

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0

2

T/TC

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

T/TC

FIG. 1: Condensation of Boson Gas (N = 20) with
an1/3 = 0.1

FIG. 2: Variance of Boson Gas (N = 20) with an1/3 =
0.1
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[3] F. Reif, Fundamentals of statistical and thermal physics, Sec 9.3, International Student Edition (McGraw-Hill
Book Company)

PQE-2009

153

Squeezing of Atomic Quantum Projection Noise
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Abstract: We present results from recent experiments on ensembles of cesium atoms demonstrating squeezing in the quantum fluctuations of the population difference between the clock
states.

Even for an extremely well defined transition frequency between two clock levels of an atom, quantum
mechanics by its very nature restricts the precision of an atomic clock in its operation [1]. An uncertainty
is introduced by the intrinsic quantum fluctuations encountered when measuring the clock state population
difference of an uncorrelated atomic ensemble. Squeezing of quantum fluctuations by means of entanglement
is a well recognized goal in metrology [2], and the reduction of the so-called projection noise for a clock
transition has been proposed as one of the most relevant applications.
Recently, experimental demonstrations of squeezing of clock transition projection noise were reported
[3, 4]. In these experiments a quantum non-demolition (QND) measurement on the collective atomic state
[5] defines the clock state population difference beyond the projection noise limit for uncorrelated atoms.
In the work done by our group [4], 3.4 dB of spectroscopically relevant quantum noise squeezing for ∼
105 caesium atoms was achieved. The QND measurement was implemented by interferometric detection
of the state dependent phase shift of a bichromatic probe light pulse [6]. In general, there is a tradeoff
between information gained in the QND interrogation and coherence lost due to spontaneously scattered
probe photons. Our scheme for attaining squeezing via dispersive light-atom interaction requires a thorough
understanding of the effects of atomic dephasing [7] and decoherence [8] as a result of probing.
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Figure 1: A, Bloch sphere illustration of projection noise (represented as a disk at the tip of the Bloch vector) causing uncertainty
in the Ramsey fringe position for atomic clock operation. B, A squeezed state can reduce the effect of quantum noise of the clock
precision. For details see [4].
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Quantum coherence effects in solids: New applications
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Abstract

We discuss recent demonstrations of the quantum coherence effects in Nd3+:LaF3 at the
cryogenic temperatures and in room-temperature ruby as well as new applications of these
effects, including studies of the exchange and magnetic dipole-dipole interactions in solids,
realization of the solid-state lasers and high refractive index in UV and VUV frequency
ranges, room-temperature quantum memories, etc.
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Mesoscopic BEC phase transition
V.V. Kocharovsky1,2, Vl.V. Kocharovsky2, and K.E. Dorfman1
Department of Physics, Texas A&M University, College Station, Texas 77843-4242
2
Institute of Applied Physics RAS, Nizhny Novgorod 603950, Russia

1

Abstract
We discuss the anomalous fluctuations and growth of the Bose-Einstein condensate near a
critical temperature in a mesoscopic weakly interacting gas. A probability distribution
function of the number of condensed atoms is calculated explicitly in the canonical ensemble
for a finite number of atoms in a trap. We show that a universal scaling and a smooth
structure of the BEC order parameter as a function of the number of atoms in a trap or a
temperature near a critical point exist in the mesoscopic system and describe a nontrivial
structure of the BEC phase transition even in a thermodynamic limit.
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Quantum uncollapsing: theory and experiment
Alexander N. Korotkov
University of California, Riverside
Andrew N. Jordan
University of Rochester
Nadav Katz,* Matthew Neeley, M. Ansmann, Radoslaw C. Bialczak, M. Hofheinz,
Erik Lucero, A. O’Connell, H. Wang, A. N. Cleland, and John M. Martinis
University of California, Santa Barbara

The theory of a continuous quantum measurement of solid-state qubits leads to a
number of counterintuitive experimental predictions. In particular, it shows that a partial
collapse of a quantum state due to a weak (incomplete) measurement can be undone, fully
restoring any unknown initial state [1]. Such uncollapsing happens when the result of an
additional weak measurement "contradicts" the result of the first measurement, completely
erasing the classical information provided by the first measurement (somewhat similarly to
the operation of a quantum eraser [2]). Exact wavefunction uncollapsing requires
measurement by a quantum-limited detector and has a finite probability of success,
decreasing with the strength of the first measurement and reaching zero for a traditional
projective measurement. Quantum uncollapsing for a superconducting phase qubit has been
recently demonstrated experimentally at UC Santa Barbara [3], extending the previous
experiment on a partial collapse measurement [4]. The fidelity of the state recovery has been
measured using quantum process tomography and found to be above 70% for moderate
partial-collapse strengths [3].

[1] A. N. Korotkov and A. N. Jordan, Phys. Rev. Lett. 97, 166805 (2006);
A. N. Jordan and A. N. Korotkov, in preparation.
[2] M. O. Scully and K. Drühl, Phys. Rev. A 25, 2208 (1982).
[3] N. Katz, M. Neeley, M. Ansmann, R. C. Bialczak, M. Hofheinz, E. Lucero,
A. O’Connell, H. Wang, A. N. Cleland, J. M. Martinis, A. N. Korotkov,
arXiv:0806.3547; Phys. Rev. Lett. 101 (2008).
[4] N. Katz, M. Ansmann, R.C. Bialczak, E. Lucero, R. McDermott, M. Neeley, M. Steffen,
E. M. Weig, A. N. Cleland, J. M. Martinis, A. N. Korotkov, Science 312, 1498 (2006).
*

Presently with the Hebrew University, Jerusalem, Israel
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NONLINEAR PLASMONICS AND SOME APPLICATIONS
Norbert Kroo
Hungarian Academy of Sciences
Evanescent electric fields of surface plasmon polaritons (SPP) above the surface of some
metals can reach 1-2 orders of magnitude higher values than the fields of the exciting (laser) f.
If the SPP-s are localized at surface irregularities even nearly atomic fields can be obtained if
the SPP-s are excited by a single femtosecond Ti:sapphire laser oscillator.
These high fields can be used to study SPP phenomena of intense field optics. The
experimentally found properties of SPP emitted light and (multi-plasmon emitted) electrons
are described. Surface and STM tip enhanced Raman and other type of spectroscopy are also
discussed.
The STM is a nonlinear device. Therefore even at low SPP densities (when excited with mW
power lasers) nonlinear STM response to the evanescent field of these SPP-s on metal
surfaces has been found. The temporal dependence of the STM signal to pulsed laser
excitation. has been studied and in addition to its high amplitude, especially at grain
boundaries, even rectification on some spots at such high spatial gradients in the topography
of the surface have been observed.
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Controlling the carrier-envelope phase of Raman generated single-cycle
pulses
A. H. Kung1,2
1
2

Institute of Atomic and Molecular Science, Academia Sinica, Taipei, Taiwan

Department of Photonics, National Chiao Tung University, Hsinchu, Taiwan

A year ago we succeeded in synthesizing periodic waveforms consisting of a train of
pulses that are 0.833 cycles long and have an electric field pulse width of 0.44 fs using 7
Raman sidebands generated by molecular modulation in H2. By adjusting the driving
laser frequency to be commensurate we achieved a constant carrier-envelope phase (CEP)
in the pulse train for every nanosecond laser shot. However the CEP varies from one
nanosecond pulse train to the next. In order for these single-cycle pulses to be useful it
is essential to have identical CEP for every nanosecond pulse train as well as being able
to control the CEP on demand.
In this talk I shall describe our approach to controlling the CEP of single-cycle
pulses generated by the Raman technique and present our experimental data towards
achieving controllable CEP. We have also developed a technique to perform
autocorrelation of pulses whose Fourier spectrum spans more than one octave. The
technique employs extra-broadband spatial light modulators. The autocorrelation results
will be compared with cross-correlation measurements that have been used to
characterize such pulses.
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Ultrafast Cooling of Quantum Bits within the Bath Memory Time
Goren Gordon, Guy Bensky, David Gelbwaser-Klimovsky, Durga B. Rao Dasari, Noam
Erez, and Gershon Kurizkiכ
Department of Chemical Physics, Weizmann Institute of Science, Rehovot 76100, Israel

The major hurdle en route to the realization of scalable quantum computers is the rapid
qubit decoherence and disentanglement caused by their uncontrolled environment, alias a
macroscopic “bath”. Hence the imperative need to cool down the qubits as much and as
fast as possible prior to each quantum operation. Yet, the fundamental limit on the speed
of all existing cooling schemes is the finite duration of the system equilibration with the
bath. This duration is, by definition, long compared to the bath memory or response time,
over which deviations from Markovian behavior are still significant. But do we really
have to wait that long? As recently shown by our group [1], repeated disturbances of the
equilibrium state may be effected by impulsive measurements of the qubit energy. These
disturbances lead first to inevitable heating of both the qubits and the bath, then to
cooling of the qubits, which may reach temperatures below that of the bath. This
anomalous cooling occurs well within the non-Markovian domain, on the order of few
periods of the qubit natural oscillation, the shortest time scale we may conceive of.

We have now obtained rigorous bounds on qubit cooling achievable by any means of
evolution control, assuming weak coupling of the qubit to the bath. Remarkably, we find
that drastic cooling, increasing its ground state population by up to 50%, is achievable in
circa ten periods of the qubit natural oscillation. This cooling may be optimized using our
variational approach to dynamic control of decoherence [2].

[1] N. Erez, G. Gordon, M. Nest, and G. Kurizki, Nature 452, 724 (2008).
[2] G. Gordon, G. Kurizki, and D. A. Lidar, Phys. Rev. Lett. 101, 010403 (2008).

כElectronic address: gershon.kurizki@weizmann.ac.il
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Spectroscopic investigations and potential functions for pyridine
and 1,3-butadiene in ground and excited electronic states
Jaan Laane and Praveenkumar Boopalachandran
Department of Chemistry, Texas A&M University, College Station, TX 77843-3255, USA
The vapor-phase ultraviolet absorption spectra of pyridine and pyridine-d5 have been
recorded and analyzed. A portion of the pyridine spectrum, which has the band origin at 34767.0
cm-1, is shown in Figure 1 with several of the assignments to the vibronic states. Analysis of the
out-of-plane ring-bending vibration ν18 allowed a one-dimensional potential function for the
S1(n,π*) state to be determined. This has a very low barrier to planarity of 3 cm-1 and shows the
molecule to be quasi-planar and floppy in its excited state. In the electronic ground state it is
much more rigid. Figure 2 shows the potential energy function.
The vapor-phase Raman spectra of 1,3-butadiene and 1,3-butadiene-d6 have been
investigated to study the internal rotation vibration and to understand the conformational
energetics. A series of transitions near 300 cm-1 were observed for the trans conformation of
each isotopomer. In addition, several transitions due to the higher energy gauche conformer
were also detected. A vibrational potential energy function showing the conformational
energetics was determined for the experimental data.
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Inertial sensors with cold atoms
A. Landragin and F. Pereira Dos Santos
LNE-SYRTE, CNRS UMR 8630, UPMC, Observatoire de Paris
61 avenue de l’Observatoire, 75014 Paris, France
E-mail : arnaud.landragin@obspm.fr
The techniques of laser cooling combined with atom interferometry make possible
the realization of high performance inertial sensors like gyroscopes or accelerometers. Their excellent sensitivity and accuracy makes these instruments very interesting tools for testing gravity and relativity. I will analyze the results of current
experiments [1, 2] using cold atoms and will extrapolate the limits of such interferometers. Besides earth-based developments, the use of these techniques in space
should provide extremely high sensitivity for research in fundamental physics, Earth
observation and exploration of the solar system.

References
[1] B. Canuel, F. Leduc, D. Holleville, A. Gauguet, J. Fils, A. Virdis, A. Clairon,
N. Dimarcq, Ch.J. Bordé, and A. Landragin, ”Six-Axis Inertial Sensor Using
Cold-Atom Interferometry”, Phys. Rev. Lett. 97 010402 , 2006.
[2] J. Le Gouët, T. E. Mehlstäubler, J. Kim, S. Merlet, A. Clairon, A. Landragin,
F. Pereira Dos Santos, Appl. Phys. B 92, 133-144 (2008).
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Off-resonant Raman transitions in an atom interferometer
T. Lévèque, A. Gauguet, T. Mehlstäubler, J. Le Gouët, W. Chaibi, B. Canuel, A.
Clairon, F. Pereira Dos Santos and A. Landragin
LNE-SYRTE, CNRS UMR 8630, UPMC, Observatoire de Paris
61 avenue de l’Observatoire, 75014 Paris, France
E-mail : arnaud.landragin@obspm.fr
Most of the experiments in the field of precision measurement with atom interferometry are based on Raman transitions to realize beamsplitters and mirrors, which
manipulate the atomic wavepackets. A limit to the accuracy and the long term
stability of these sensors comes from wave-front distortions of the laser beams and
which depends on the actual trajectories of the atoms [1]. A convenient technique
to reduce this bias is to minimize the number of optical components in the shaping
of the two Raman laser beams and implementing them in a retro-reflected geometry [2, 3, 4]. The main drawback of this geometry arises from the presence of
off-resonant Raman transitions, which induce a light shift on the resonant Raman
transition and thus a phase shift of the atom interferometers.
We have investigated this effect, called two photon light shift (TPLS), and have
shown it has to be taken into account in order to achieve best accuracy and stability of interferometers. We have measured its impact on the phase of two atom
interferometers: a gravimeter [4] and a gyroscope [3] . In particular, we show that
this shift is an important source of systematic error for acceleration measurements.
Steal, it can be measured accurately by modulating the Raman laser power and/or
the pulse durations. As it can be well controlled, It does not reduce the benefit of
this geometry, whose key advantage is to drastically limit the bias due the to the
wave-front aberrations, which is larger and more difficult to extrapolate to zero.
The results can also be applied to other sensors, such as gradiometers for which
the signal results from the subtraction of the phase shifs of two independent atomic
clouds, as for the gyroscope. Finally, the two photon light shift can be drastically reduced by increasing the Doppler effect and/or using colder atoms, allowing to reduce
the Rabi frequency during the Raman pulses. By contrast, for set-up with intrinsic small Doppler effect, as for space application for instance, this effect becomes
extremely large and has to be taken into account in the design of the experiment.

References
[1] J. Fils et al., Eur.Phys. J. D 36,257-260 (2005). A. Landragin and F. Pereira
Dos Santos, in Proc. of the Enrico Fermi International School of Physics 168
(2007), in press, arXiv:0808.3837.
[2] A. Peters, K. Y. Chung, S. Chu, Metrologia 38 25 (2001).
[3] B. Canuel et al., Phys. Rev. Lett. 97, 010402 (2006).
[4] J. Le Gouët et al., Appl. Phys. B 92, 133-144 (2008).
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Entanglement and Decoherence of two-level Systems: A unified
approach to solid-state devices, cold atomic systems, and photons
Karyn Le Hur, Peter Orth, Adilet Imambekov

Department of Physics and Applied Physics, Yale University, New Haven, CT, USA
e-mail: karyn.lehur@yale.edu

Abstract: Dissipation in quantum mechanics represents an important statistical mechanical

problem having ramifications in systems as diverse as biologogical systems to limitations of quantum computation. A prototype model is the spin-boson model, where a two-level system is subject
to a dissipative bath of harmonic oscillators. An environment generally induces some uncertainty
in the spin direction which is responsible for quantum decoherence, i.e., for the rapid vanishing of
the off-diagonal elements of the spin reduced density matrix. On the other hand, a finite coupling
between the spin and its environment also induces entanglement. Deriving exact analytical results
[1], we make a precise connection between decoherence and entanglement in the spin-boson model
and suggest a few applications for solid-state and cold atomic systems. We also show that the
entanglement entropy of the spin can be a good order parameter of quantum phase transitions;
we make comparisons with entanglement properties in the Dicke model, describing an ensemble of
two-state atoms interacting with a single quantized mode of the electromagnetic field. Finally, we
present a new scheme to study the effect of the environment on the spin Larmor precession.
[1] K. Le Hur, Annals of Physics 323, 2208-2240 (2008)
A. Kopp and K. Le Hur, Phys. Rev. Lett. 98, 220401 (2007)

Figure 1: Theoretical study of Entanglement, Decoherence, and Quantum Phase Transition, in the
spin-boson model, that is applicable to solid-state devices, ultracold atoms, and biological systems.
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An Electron Electric Dipole Moment Search in the 3 ∆1 Ground State of Tungsten
Carbide Molecules
J. Lee and A. E. Leanhardt∗

Department of Physics, University of Michigan, Ann Arbor, MI 48109, USA
The Standard Model of particle physics is incomplete. As such, various extensions to the Standard Model, most notably Supersymmetry (SUSY), contain predictions of “new physics” that can
be observed by experiments ranging in size from the Large Hadron Collider (LHC) at CERN to
laboratory-based, tabletop precision measurements. This talk will focus on the latter, specifically,
an electron electric dipole moment (EDM) search using the valance electrons in the 3 ∆1 ground
state of tungsten carbide (WC) molecules.

An electron electric dipole moment (EDM) violates both parity (P) and time-reversal (T) symmetries. It is
manifest as an energy splitting between spin-up and spin-down states that is proportional to an electric field
applied to the electron. This energy splitting, perhaps at the h × O(mHz) level or below, must be resolved on top
of residual Zeeman shifts that are typically several orders of magnitude larger. We report on progress towards
making a continuous tungsten carbide (WC) molecular beam for an electron EDM search [1]. WC has a 3 ∆1
ground state with its two valance electrons in a σδ molecular orbital configuration [2–4]. This molecular structure
has several unique advantages for an electron EDM search and arises in other diatomic species such as HfF+ [5, 6],
ThF+ [5, 7], and ThO [7, 8]. Our projected sensitivity to detecting an electron EDM reaches across most of the
allowed range predicted by Supersymmetric theories.
At present, we have successfully seeded a supersonic gas jet with tungsten carbide molecules formed through
the reaction W + CH4 → WC + 2H2 (see Fig. 1). A tungsten filament is resistively heated to ∼ 3000 K in the
presence of a 95% argon + 5% methane buffer gas. The resulting W and WC vapor is entrained in a supersonic
jet formed by allowing the buffer gas to flow through a conical nozzle into vacuum. At low buffer gas pressures,
we verify the presence of W and WC in the beam with a quadrupole mass spectrometer [Fig. 1(b,c)]. At high
buffer gas pressures, we directly observe the beam profile by allowing the supersonic jet to sputter onto a copper
foil placed downstream from a skimmer [Fig. 1(a)]. Future work will focus on optical spectroscopy of the WC
molecules entrained in the beam [3].
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[8]

Electronic address: aehardt@umich.edu; URL: http://www.umich.edu/~aehardt/
J. Lee, R. Paudel, and A. E. Leanhardt, Atomic Physics XXI, 190 (2008).
K. Balasubramanian, J. Chem. Phys. 112, 7425 (2000).
S. M. Sickafoose, A. W. Smith, and M. D. Morse, J. Chem. Phys. 116, 993 (2002).
D. Rothgeb, E. Hossain, and C. C. Jarrold, J. Chem. Phys. 129, 114304 (2008).
URL http://jilawww.colorado.edu/bec/CornellGroup/.
E. R. Meyer, J. L. Bohn, and M. P. Deskevich, Phys. Rev. A 73, 062108 (2006).
E. R. Meyer and J. L. Bohn, Phys. Rev. A 78, 010502 (2008).
A. C. Vutha et al., Atomic Physics XXI, 191 (2008).
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FIG. 1: (a) Tungsten atoms sputtered onto a copper foil placed ∼ 25 cm downstream from a 3 mm diameter skimmer.
(b) and (c) Quadrupole mass spectra of tungsten atoms (mass 182-186) and tungsten carbide molecules (mass 194-198)
formed by evaporating a tungsten filament in the presence of an argon + methane buffer gas.
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Optical properties of three-dimensional photonic quasicrystals and
their periodic approximants
Alexandra Ledermann1,2, Diederik S. Wiersma3,
Martin Wegener1,2, and Georg von Freymann1,2
1

Institut für Nanotechnologie, Forschungszentrum Karlsruhe in der HelmholtzGemeinschaft, D-76021 Karlsruhe, Germany
2
Institut für Angewandte Physik, Universität Karlsruhe (TH), Wolfgang-Gaede-Straße 1,
D-76131 Karlsruhe, Germany
3
European Laboratory for Nonlinear Spectroscopy (LENS) and INFM-BEC,
I-50019-Sesto Fiorentino, Firenze, Italy
Abstract: We investigate the optical properties of three-dimensional icosahedral photonic
quasicrystals and their periodic approximants. The experimental findings show good
agreement with our theoretical calculations based on a periodic approximant approach.
Quasicrystals (QC) represent a class of solids which lack translational symmetry, but nevertheless exhibit perfect
long-range order and reveal well-defined rotational symmetries, which are not necessarily consistent with
periodicity. Furthermore, the distinct local environment of each QC lattice point promises richer optical
properties [1,2] than found in conventional periodic photonic crystals.
Using direct laser writing [3] we fabricate three-dimensional icosahedral SU-8 photonic QCs of high quality [4],
and their so-called periodic approximants [5]. These periodic approximants are periodic structures which are
identical to the QC within their specific unit cell. Depending on the chosen approximant the size of the unit cell
differs and likewise the degree of representing the QC.
The optical properties of QCs and periodic approximants are studied experimentally, which shows that the
optical properties of the periodic approximants converge to that of the QCs with increasing size of the unit cell.
Furthermore, the experimental results reveal good agreement with corresponding scattering matrix simulations
for the approximants and indicate the existence of pseudo-stop bands in the infrared.
Time-resolved pulse propagation studies performed at QCs reveal a strong delay and pulse reshaping during the
propagation. In order to interpret this observation, scattering matrix calculations have been performed for
periodic approximants, showing that the observed pulse delay and pulse reshaping is caused by the strongly
diffracting character of QCs, and thus is rather an intrinsic than an extrinsic effect.
This work is important as it opens a wealth of new possibilities for future systematic studies of the unusual
optical properties of photonic quasicrystals.

1.
2.
3.
4.

5.

M. E. Zoorob, M. D. B. Charlton, G. J. Parker, J. J. Baumberg, and M. C. Netti, “Complete photonic bandgaps in 12fold symmetric quasicrystals”, Nature 404, 740 (2000).
B. Freedman, G. Bartal, M. Segev, R. Lifshitz, D. N. Christodoulides, and J. W. Fleischer, “Wave and defect dynamics
in nonlinear photonic quasicrystals”, Nature 440, 1166 (2006).
M. Deubel, G. von Freymann, M. Wegener, S. Pereira, K. Busch, and C. M. Soukoulis, “Direct laser writing of threedimensional photonic crystal templates for telecommunications”, Nature Mater. 3, 444 (2004).
A. Ledermann, L. Cademartiri, M. Hermatschweiler, C. Toninelli, G. A. Ozin, D. S. Wiersma, M. Wegener, and G. von
Freymann, „Three-dimensional silicon inverse photonic quasicrystals for infrared wavelengths“, Nature Mater. 5, 942
(2006).
C. Janot, “Quasicrystals- A Primer”, Clarendon, Oxford (1992).
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Ergodicity and Chaos in a system of harmonic oscillators
M Howard Lee, University of Georgia
Abstract
A system of two independent harmonic oscillators with incommensurate
frequencies (the ratio of the two frequencies is an irrational number)
is known to exhibit chaotic behavior. That is, their trajectories on
the phase space are not closed. Thus after a very long time, they may
possibly fill the surface of the phase space densely. Many have regarded
such a possibility as a sign of ergodicity. It is in fact what Boltzmann
conjectured for being ergodic. We prove that for systems of finite
degrees of freedom (two oscillators included), the time and ensemble
averages are not equal. Therefore these systems may be chaotic but not
necessarily ergodic. The denseness of the phase space in trajectories is
only a necessary condition for ergodicity much as irreversibility is
[1]. In addition we show that a system of infinitely many oscillators
can be ergodic provided that the frequencies are still incommensurate.
This proof is by the ergodicity condition given in [2].
1. M H Lee, Phys Rev Lett 98, 190601 (2007) "Why irreversibility is
not a sufficient condition for ergodicity."
2. M H Lee, Phys Rev Lett 87, 250601 (2001) "Ergodic theorem, infinite
products and long time behavior in Hermitian models"
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Cavity enhanced absorption spectroscopy using a
broadband prism cavity and a supercontinuum source
Paul S. Johnston and Kevin K. Lehmann
Department of Chemistry, University of Virginia McCormick Rd Charlottesville, VA 22904, USA, USA

Abstract: We report the design and construction of an ultra-broad bandwidth cavity
enhanced absorption spectrometer using Brewster’s angle prism retroreflectors and a
spatially coherent 500 nm to >1.75 µm supercontinuum excitation source. Using prisms
made from fused silica an effective cavity reflectivity of >99.99% at 1.064 µm was
achieved. A proof of principle experiment was performed by recording the cavity
enhanced absorption spectrum of the weak b-X (1←0) transition of molecular oxygen at
14529 cm-1 and the fifth overtone of the acetylene C-H stretch at 18430 cm-1. CCD
frames were integrated for 150 sec, with 3 (each 100 cm -1 wide) and 1 frame (266 cm-1
wide) required to observe the O2 and C2H2 spectra respectively. A rms noise equivalent
absorption (αmin) of 7.21x10-8 cm-1 Hz-1/2 and 1.28x10-7 cm-1 Hz-1/2 with full width half
maximum line widths of 0.18 cm-1 and 0.44 cm-1 was achieved for the molecular oxygen
band and acetylene overtone, respectively.
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Nonlinear STM Plasmonics
Surface plasmon polaritons (SPPs) are electromagnetic waves resulting from
fluctuations of the surface electron density at metal-dielectric interfaces. The
unique subwavelength properties of SPPs allow the miniaturization of photonic
components and devices (such as waveguides, splitters, interferometers and
resonators) and open up new opportunities in a wide range of applications
including nano-optics, solar cells and biosensing [1]. Although recent advances
in nanotechnology allow reproducible fabrication of plasmonic devices on the
nanometre scale, their characterization remains a challenging task.
Here, we generate SPPs by converting light waves into free electron oscillations
on a metal surface and employ Scanning Tunneling Microscopy (STM) for the
local probing of the generated SPP waves [2]. As a consequence of the
subwavelength confinement of SPPs, high electric fields are attainable even at
moderate laser intensities. This gives rise to nonlinear effects in the STM junction
and allows one to control the direction of the tunneling current by the local
electric field of the SPPs.

1. Lal, S., Link, S., Halas, N. J., Nano-optics from sensing to waveguiding, Nature Photonics, 1
641 (2007).
2. Kroó, N., Szentirmay, Zs., Walther, H., Sub-wavelength microscopy of surface plasmon
oscillations and their statistical properties, Surf. Sci. 582 110 (2005).
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Coulomb drag in the exciton regime in electron-hole
bilayers
M. P. Lilly, J. A. Seamons, C. P. Morath, and J. L. Reno
Sandia National Laboratories
Electron-hole bilayers are expected to make a transition from a pair of weakly coupled twodimensional systems to a strongly coupled exciton system as the barrier between the layers is
reduced. Our approach to fabricating electron-hole bilayers is to use undoped GaAs/AlGaAs
double quantum well heterostructures, and to generate the internal electric fields needed for
carriers using gates on the top and bottom of the structure. We report Coulomb drag
measurements on bilayers with 20 nm and 30 nm Al0.9Ga0.1As barriers. In the drag measurement,
current is driven in the electron layer while voltage is measured in the hole layer. Coulomb drag
measurements on devices with a 30 nm barrier are consistent with two weakly coupled 2D Fermi
systems where the drag decreases with temperature. For a 20 nm barrier, however, we observe an
increase in the drag resistance as the temperature is reduced. These results indicate the onset of
strong coupling between the layers, and possible explanations include exciton formation or
phenomena related to exciton condensation. This work has been supported by the Division of
Materials Sciences and Engineering, Office of Basic Energy Sciences, U.S. Department of
Energy. Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin
Company, for the United States Department of Energy under Contract No. DE-AC0494AL85000.
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Potential of electron-beam ionization for accelerated decay of radioisotopes
J. W. Schumer1, J. P. Apruzese1, B. V. Weber1, J.F. Seely1, M.S. Litz2, G. Merkel2, N. Pereira3
1

Naval Research Laboratory, Washington, DC 20375
1
Army Research Laboratory, Adelphi, MD 20783
3
Ecopulse Inc., Springfield VA 22152

Radioisotopes have energy densities up to 109 J/g, whereas chemical-bonds typically contain energy
density less than 104 J/g. Energy density may be necessary in some applications requiring compact
packaging. Described here is the study towards novel mechanisms for the rapid release of nuclear
energy stored in radioisotopes. In particular, the focus is to quantify the cross-sections (or total yields)
for nuclear reactions induced by atomic-electron transitions. These atomic-electron transitions will be
produced by high-energy electron beams impinging upon the energetic medium. A variety of
“triggering” techniques have been previously studied, including the use of very intense, high-energy
photon-, neutron-, and ion-beam sources. We focus on electron beam induced “triggering”. In addition
to stimulated emission of nuclear isomers, other radioisotopes which are energy-rich (109 J/g), more
abundant (naturally occurring in some cases), and long-lived half-lives (hundreds to billions of years),
and perhaps more efficiently triggered are considered. Of particular interest are both “electroncapture” radioisotopes which are directly affected by their atomic electron environment and
radioisotopes which may be stimulated by a “pump” of sub-100 keV x-ray line radiation coming from
an appropriately selected e-beam bremsstrahlung target. The spectrometer developed, and initial
measurements will be described.
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Crystalline superfluidity of cold atoms in lattice p-bands
W. Vincent Liu,1 Joel Moore,2,3 S. Das Sarma,4 Vladimir M. Stojanović,5 Congjun Wu 6
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Some recent theoretical progress will be reported in this talk on studying a system of ultracold
bosonic atoms in the p-orbital bands of an optical lattice. Such a system is found to display some
remarkable, conceptually novel phases, including a non-zero momentum px + ipy Bose-Einstein
condensate in a 2D or 3D standard optical lattice and an exotic phase of single order parameter
that shows both superfluidity and an incommensurate current density wave in a double-well optical
lattice. The lattice p-orbital Bose gas is meta-stable, but is found to have a long lifetime in certain
experimentally accessible parameter regimes.

References
[1] V. M. Stojanovic, C. Wu, W. V. Liu, S. Das Sarma, “Incommensurate superfluidity of bosons
in a double-well optical lattice”, Phys. Rev. Lett. 101, 125301 (2008). arXiv:0804.3977
[2] C. Wu, W. V. Liu, J. Moore, S. Das Sarma, “Prediction of quantum stripe ordering in optical
lattices”, Phys. Rev. Lett. 97, 190406 (2006). cond-mat/0606743
[3] W. V. Liu, C. Wu, “Atomic matter of non-zero momentum Bose-Einstein condensation and
orbital current order”, Phys. Rev. A 74, 013607 (2006). cond-mat/0601432
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Local phase space moments of a pulse propagating with
dispersion and damping
Patrick Loughlin1
Depts. of Bioengineering, and Electrical & Computer Engineering
University of Pittsburgh, 745 Benedum Hall, Pittsburgh, PA 15261, USA
Abstract – We have previously derived a phase space approach and approximation for
studying dispersive pulse propagation, based on the Wigner distribution, and showed that this
approximation is more accurate than the stationary phase approximation in that it preserves
important low-order moments of the pulse, for all time and for any dispersion relation [1, 2]. We
extend this approach to consider propagation with damping, and consider the low-order global
and local moments of the pulse and approximation. When there is dispersion and damping,
characterized by the complex dispersion relation
ω(k) = ωR (k) + i ωI (k)

(1)

the Wigner distribution of the pulse u(x, t) at time t is approximately given by
W (x, k, t) ≈ e2ω(k)t W (x − v(k)t, k, 0)

(2)

where v(k) = ωR0 (k) is the group velocity, and W (x, k, 0) is the Wigner distribution of the initial
pulse at t = 0. The global and local spatial moments of the pulse are obtained from the Wigner
distribution by
Z Z
n
hx it =
xn W (x, k, t) dx dk
[global moments]
(3)
Z
hxn it,k =
xn W (x, k, t) dx
[local moments]
(4)
We calculate the low-order moments using the approximation, which are shown to be exact for
exponential damping (ωI (k) = γk). We also consider normalized moments. Finally, we show
how one can obtain approximations of the wave or its spectrum from the Wigner approximation.

References
[1] P. Loughlin and L. Cohen, “A Wigner approximation method for wave propagation,” J.
Acoust. Soc. Amer., vol. 118, no. 3, pp. 1268-1271, 2005.
[2] L. Cohen and P. Loughlin, “Exact and approximate moments of a propagating pulse,” PQE
2008 (to appear in special issue of J. Mod. Optics).
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Process tomography of quantum-optical memory
Mirko Lobino1, Connor Kupchak1, Eden Figueroa1,2 and A. I. Lvovsky1
2

1
Institute for Quantum Information Science, University of Calgary, Calgary, Alberta T2N 1N4, Canada
Present address: Max-Planck-Institut für Quantenoptik, Hans-Kopfermann-Str. 1, D-85748 Garching, Germany

We perform complete characterization of the quantum process associated with optical memory
based on electromagnetic induced transparency (EIT) by storing coherent states of different
amplitudes and subsequently measuring the quantum states of the retrieved pulses. Based on the
acquired information, the retrieved state for any arbitrary input can be predicted.
Memory for light is perhaps the first significant invention of this millennium and an essential technology for long
distance quantum communication1 and quantum computing. Recently, several experiments have shown the
possibility of store and retrieve various nonclassical states of light using EIT2. These experiments, however, do not
answer a more general question that is paramount for practical applications: how will an arbitrary quantum state of
light be preserved after storage in a memory apparatus?
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Fig. 1. The scheme of the experimental apparatus (a) and its effect on Wigner functions of coherent states of two different amplitudes (b)

Recently, we have developed a procedure for complete characterization of a quantum “black box” by measuring, via
homodyne tomography, its effect on a set of coherent states. The process output for an arbitrary input state can then
be predicted from its regularized Glauber-Sudarshan expansion3. In the present paper, we apply this technique to
characterize an EIT-based quantum-optical memory apparatus.
Our memory [Fig. 1(a)] is implemented in atomic 87Rb vapor at 65 °C. The signal field is tuned to the |5S1/2, F = 1〉
↔ |5P1/2, F = 1〉 transition at 795 nm while the EIT control field is resonant with the |5S1/2, F = 2〉 ↔ |5P1/2, F = 1〉
transition4. The input coherent states are obtained by chopping the signal beam via an acusto-optical modulator
(AOM) into 1 μs pulses with a 100 kHz repetition rate. The duration of storage was 1 μs. The input and retrieved
pulses were subjected to homodyne tomography, followed by maximum-likelihood reconstruction of the density
matrices and Wigner functions [Fig. 1(b)]. From these data, the process superoperator in the Fock basis was
obtained.
We tested the reconstructed superoperator by
applying it to an input squeezed state and calculating
the state that would be retrieved. Then we compared
the result to that acquired in a direct experiment4 and
observed a 99.6% fidelity between the two states.
1.
2.
3.
4.

L. M. Duan et al., Nature (London) 414, 413 (2001).
M. Fleischhauer and M. D. Lukin, Phys. Rev. Lett. 84, 5094
(2000).
M. Lobino et al., Science 322, 563 (2008) ; see also the
plenary talk by Barry Sanders at this meeting.
J. Appel et al., Phys. Rev. Lett. 100, 093602 (2008).

The work has been supported by NSERC, CFI, AIF, CIFAR and
QuantumWorks.
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Entangled Images from Four-Wave Mixing
Alberto M. Marino, Vincent Boyer, Raphael C. Pooser, and Paul D. Lett
Joint Quantum Institute,
National Institute of Standards and Technology and University of Maryland
Gaithersburg, MD 20899, USA
email: alberto.marino@nist.gov

Abstract: We show that non-degenerate four-wave mixing in a double-Λ configuration in rubidium
atomic vapor can produce highly multi-spatial-mode twin beams. This makes it possible to generate
arbitrarily-shaped continuous-variable entangled twin beams that contain quantum correlations in
time and space.
1. Introduction
The field of quantum imaging studies the nonclassical properties in the spatial degree of freedom of an optical field.
The quantum spatial correlations hold the promise of improved optical resolution [1], quantum holographic teleportation [2], and parallel quantum information encoding [3]. In order to take advantage of the many predictions that
have emerged from the field of quantum imaging, a system that can produce highly multi-spatial-mode twin beams is
needed. We show that non-degenerate four-wave mixing in rubidium atomic vapor can provide the required source of
multi-spatial-mode entangled beams.
2. Generation of Entangled Images
We have recently shown that non-degenerate four-wave mixing (4WM) in an atomic vapor is an excellent source
of intensity-difference squeezing [4], with a recorded quantum noise reduction of more than 8 dB. The 4WM process
is based on a double-Λ configuration in a rubidium vapor cell. In this process, two pump photons are absorbed and a
probe and a conjugate photon are emitted in pairs. As a result, continuous-variable (CV) entangled probe and conjugate
beams, or twin beams, are generated.
Due to the phase-matching condition, the probe and the conjugate directions are symmetrical with respect to the
pump. This leads to spatial correlations between these two beams. The absence of a cavity combined with a weak
phase-matching condition makes it possible for the process to support a large number of spatial modes [5]. As a result,
arbitrarily-shaped bright twin beams can be generated.
The presence of entanglement can be verified using the inseparability criterion proposed by Duan et al. [6], which
states that having squeezing in both the amplitude difference and the phase sum is a sufficient condition for CV
entanglement. In order to perform these measurements on our twin beams, which are separated in frequency by 6 GHz,
we perform a dual homodyne detection. In these measurements the shape of the local oscillators (LOs) effectively
select the mode of the probe and conjugate that are measured, making it possible to characterize the entanglement
between complicated spatial patterns or images. Thus, by using arbitrarily shaped LOs we can verify the multi-spatialmode character of the 4WM process. To guarantee good mode matching and obtain the necessary frequencies for the
dual homodyne detection, the LOs are generated with another 4WM process. We have verified that the squeezing in
both the amplitude difference and the phase sum is relatively independent of the shape of the LOs, which shows that
the 4WM process produces CV entangled images [7].
3. References
[1] M. I. Kolobov and C. Fabre, “Quantum limits on optical resolution,” Phys. Rev. Lett. 85, 3789 (2000).
[2] I. V. Sokolov, M. I. Kolobov, A. Gatti, and L. A. Lugiato, “Quantum holographic teleportation,” Opt. Comm. 193, 175 (2001).
[3] M. Lassen et al., “ Tools for multimode quantum information: modulation, detection, and spatial quantum correlations,” Phys. Rev. Lett. 98,
083602 (2007).
[4] C. F. McCormick, A. M. Marino, V. Boyer, and P. D. Lett, “Strong low-frequency quantum correlations from a four-wave mixing amplifier,”
Phys. Rev. A 78, 043816 (2008).
[5] V. Boyer, A. M. Marino, and P. D. Lett, “Generation of spatially broadband twin beams for quantum imaging,” Phys. Rev. Lett. 100, 143601
(2008).
[6] L.M. Duan, G. Giedke, J. I. Cirac, and P. Zoller, “Inseparability criterion for continuous variable systems,” Phys. Rev. Lett. 84, 2722 (2000).
[7] V. Boyer, A. M. Marino, R. C. Pooser, and P. D. Lett, “Entangled images from four-wave mixing,” Science 321, 544 (2008).
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Accelerating Electrons with Lasers and Photonic
Crystals
Christopher McGuinness
SLAC National Accelerator Laboratory, 2575 Sand Hill Rd. Menlo Park, CA 94025
Email: cmcg@slac.stanford.edu

ABSTRACT
We present work done towards the successfull fabrication a four layer woodpile photonic
crystal with a bandgap of 2.71µm FWHM centered at 4.55µm. The goal of this fabrication
was to develop a process flow which will be used to fabricate a 10-20 layer woodpile
structure with a defect used for accelerating electrons.
Photonic crystals were proposed for particle accelerator applications by Eddie Lin
in 2001[1]. High breakdown thresholds of dielectrics at optical frequencies and widely
accessable lithographic techniques and equipment motivate the continued experimental
research in this field. The woodpile structure is one such photonic crystal, shown in
Figure 1, that takes advantage of these benfits. The exact dimensions of the structure, that is
the horizontal period, vertical period, and rod width were determined using simulations to
maximize the bandgap[2]. This design structure was scaled corresponding to specifications
currently achievable at the Stanford Nanofabrication Facility providing a blueprint for
fabrication.

FIGURE 1. Images of the Woodpile Structure. (a) Computer generated image of a woodpile structure. (b)
SEM image of the four layer woodpile structure fabricated at SNF. (c) Simulated and Measured Reflection
Spectrum for a four layer woodpile structure.

A fabrication process was developed following work done by Lin and Flemming[3], and
a four layer test structure was fabricated. Infrared spectroscopy measurements, shown in
Figure 1c, were taken and compared with simulations yielding good agreement. SEM images were used to measure fabrication deviations in rod width, rod shape, layer thickness,
and alignment, and further simulations are being carried out to study the effect of these
deviations on the desired accelerating mode excited in the defect.

REFERENCES
1. X. E. Lin, Phys. Rev. STAB 4, 051301 (2001).
2. Benjamin M. Cowan Phys. Rev. STAB 11, 011301, (2008).
3. S. Y. Lin, J. G. Flemming, et. al., Nature 394, 251-253 (1998).
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Phase control of quantum states
Michael Mehring1 , Jens Mende2 , Boris Naydenov3 and Werner Scherer4
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3
Physikalisches Institut, University Stuttgart, D-70569 Stuttgart, Germany, and
4
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We present phase control scenarios for quantum states by applying phase modulated microwaves
in order to prepare special states and to perform quantum state tomography.

Coherent control of quantum states is readily achieved by the application of coherent laser light, microwave
or radio frequency irradiation. Since the phase of these sources can be controlled at will numerous applications
can be thought of. We will present several examples from our work in quantum information where we have
applied phase control of coherent irradiation during the preparation of specific quantum states and for quantum
state tomography as well. These include: preparation and tomography of entangled states of spins [1], quantum
algorithms like the Deutsch algorithm and number factoring with Gauss sums [2].
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FIG. 1: Left: The eight quantum states of the two spin systems 15 N@C60 and 31 P@C60 with electron spin S =
3/2 and nuclear spin I = 1/2. The solid arrows denote allowed transitions. The dotted arrows indicate forbidden
transitions which are related to the entangled states discussed in this lecture. Middle: Phase interferograms with phase
incrementation frequencies ν1 = 2.0 MHz and ν2 = 1.5 MHz. Oscillations with individual phase angles are presented
in (a) φ2 and (b) φ1 and incrementing both phase angles simultaneously in (c) Ψ27 and (d) Φ18 . Right: Corresponding
(±)
power spectra after Fourier transformation(line spectrum). There is a dominant line in (c) at 3ν1 − ν2 for the Ψ27
(±)
states and in (d) at 3ν1 + ν2 for the Φ18 states [1, 3, 4].

Moreover we will address the preparation and state tomography of highly correlated nuclear spin states in a
single crystal of CaF2 :Ce3+ and will briefly touch on the universal decoupling and selective recoupling of spin
qubits in this system by applying specific types of phase modulation [5].

[1]
[2]
[3]
[4]
[5]

W. Scherer and M. Mehring, J. Chem. Phys. 128, 052305 (2008).
M. Mehring, K. Müller, I. S. Averbukh, W. Merkel, and W. P. Schleich, Phys. Rev. Lett. 98, 120502 (2007).
M. Mehring, W. Scherer, and A. Weidinger, Phys. Rev. Lett. 93, 206603 (2004).
M. Mehring, J. Mende, and W. Scherer, Phys. Rev. Lett. 90, 153001 (2003).
A. Heidebrecht, J. Mende, and M. Mehring, Solid State Nucl. Magn. Reson. 29, 90 (2006).
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Nanometer scale imaging with extreme ultraviolet lasers
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W. Chao1,3 Y. Liu1,3, K. Goldberg1,3, E. H. Anderson1,3, D. T. Attwood1,3, A. V. Vinogradov4, I. A. Artioukov4,
A. G. Ponomareko5 and V. V. Kondratenko5
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Abstract: We describe the successful implementation of full-field microscopes based on table-top extreme
ultraviolet lasers that can image nanostructures in transmission and reflection modes with a spatial resolution
of ∼50 nm.

Advances in nanotechnology drive the development of powerful practical imaging systems that could resolve
nanometer scale objects. Exploiting the development of high average power table top extreme ultraviolet (EUV)
lasers we have demonstrated full field microscopes that capture images with a spatial resolution of ∼ 50 nm in
exposures that range from single shot to 20 sec. One of the microscopes is designed for imaging of nanostructures
and surfaces. It uses as illumination the 46.9 nm wavelength output from on a desk-top size capillary discharge laser
[1]. With a reflective condenser and an objective Fresnel Zone plate, the microscope captures images with a
spatial resolution of ∼54 nm. This full-field optical microscope can obtain images with a single laser shot, opening
the possibility to obtain full-field images of time-dependent processes and providing unique capabilities for a variety
of applications requiring imaging on the nanometer scale. [2]
The other microscope uses a 13.2 nm wavelength table-top laser. This microscope has acquired images of
reflective lithography (EUVL) masks with a half-pitch spatial resolution of 55 nm and exposures of 20 seconds.
[3,4] These results constitute a first step towards the realization of table-top actinic microscopes for EUVL mask
inspection
Work supported by the Engineering Research Centers Program of the National Science Foundation under NSF
Award Number EEC-0310717

(b)

Fig. 1. (a) Single shot EUV transmission image of an entanglement of nominal 50 nm diameter carbon nanotubes obtained with the 46.9 nm
microscope; b) EUV reflection image of an elbow pattern with 80 nm half pitch captured with the 13.2 nm microscope with an exposure of 20
sec. A line out with a modulation of ∼80% shows the lines fully resolved.

References:
[1] S. Heinbuck et al., Demonstration of a Desk-Top Size High Repetition Rate Soft X-Ray Laser., Optics Express 13, 4050 (2005)
[2] C. Brewer et al., Single-shot Extreme Ultraviolet Laser Imaging of Nanostructures with Wavelength Resolution, Optics Letters 33, 518 (2008)
[3] J.J. Rocca, et al., Saturated 13.2 nm high-repetition-rate laser in nickellike Cadmium, Optics Letters, 30, 2581 (2005).
[4] F. Brizuela, et al, Microscopy of extreme ultraviolet lithography masks with 13.2 nm table-top laser illumination, to be published Optics
Letters.
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Controlling neutral atoms for quantum information processing in a 1D
optical lattice
In this presentation I will document the art of experimenting with
individual neutral particles in our laboratory. I will show that in a 1D
optical lattice individual neutral atoms can be trapped, detected and
manipulated with excellent precision. Furthermore, we have recently
been able to realize full single site detection of atoms, i.e. in adjacent
micropotentials separated by only 400 nm, that is well below the
optical resolution limit. I will also report on an non conventional
method for cooling atoms to the lowest quantum states and, last not
least, show preliminary results on experimental realizations of
quantum walks.
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Thermal Ghost Imaging Experiments
1

Ronald E. Meyers1 and Keith S. Deacon1
US Army Research Laboratory, Adelphi, MD 20783

Abstract: Ghost imaging of opaque objects recently has been reported in the literature
[1-2]. We discuss experimental research aimed at answering some fundamental questions
about ghost imaging that will enable practical applications. Questions naturally arise as
to how to ghost image larger objects and image through obscuring or absorbing media.
We explore ghost imaging of both larger and smaller objects and ghost imaging through
obscuring and absorbing media.
References:
1. Ron Meyers, Keith Deacon, and Yanhua Shih, Physical Review A, “Ghost-imaging
by measuring reflected photons,” 041801(R) (2008)
2. Ron Meyers, Keith Deacon, and Yanhua Shih, “A new two-photon ghost imaging
experiment with distortion study,” Journal of Modern Optics, 54, 2381 (2007)
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Lensless Diffraction Microscopy: Seeing the Invisible
with Computational Algorithms
Jianwei Miao,1 Changyong Song,2 Huaidong Jiang,1 Kevin Raines,1 Sara Salha,1 Rui,
Xu,1 Richard L. Sandberg,3 Chien-Chun Chen,4 T. K. Lee,4 Tetsuya Ishikawa,2 Jorge J.
Rocca,5 Henry C. Kapteyn,3 and Margaret M. Murnane3
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Department of Physics and Astronomy & California NanoSystems Institute, University
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2
SPring-8/RIKEN, 1-1-1, Kouto, Mikazuki, Sayo-gun, Hyogo 679-5198, Japan.
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4
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For centuries, lens-based microscopy, such as light, phase-contrast, fluorescence,
confocal and electron microscopy, has played an indispensable role in the evolution of
modern sciences and technologies. In 1999, a novel form of microscopy, i.e. lensless
diffraction microscopy, was developed and transformed our traditional view of
microscopy, in which the diffraction pattern of an object is measured and then directly
phased to obtain an image by computational algorithms. The well-known phase problem
is solved by the oversampling method whose principle can be traced back to the Shannon
sampling theorem. In this talk, we will discuss the principle of lensless diffraction
microscopy and illustrate its broad applications in physics, nanoscience, materials science
and biology by using synchrotron radiation, high harmonic generation and soft X-ray
laser sources. As X-ray free electron lasers are currently under rapid development in the
U.S., Europe and Japan, we will discuss the great opportunity for lensless diffraction
microscopy using these brilliant X-ray sources.
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Fiber-Based Entangled Photon Source Progress and
Applications (a 2500 year history)
A. Migdall, J. Fan, and S. Polyakov
Optical Technology Division, National Institute of Standards and Technology, 100 Bureau Drive, Mail Stop 8441, Gaithersburg, MD
20899-8441, and Joint Quantum Institute, University of Maryland, MD 20742
migdall@nist.gov

Abstract- We present an overview of history of two-photon light sources with a particular focus on
fiber-based sources of entangled photons. We discuss how they have evolved and are evolving to
meet the requirements of quantum-information applications and we present one of those
applications, one that relates to a very ancient philosophical question.

Over the past few decades efforts to develop sources of single photons and entangled photons have seen
great advances, with improvements in a range of performance parameters. Earliest efforts used atomic
levels where two-photon emission cascades produced correlated pairs of photons1,2. While these systems did
produce photons in pairs so that the detection of one photon announced the existence of its twin, they
suffered from a significant drawback. That is while emission angles of the photons of pair are correlated,
the absolute direction of emission is not determined, with emission spread over 4π solid angle. As a result,
the efficiency of collecting the pairs is necessarily low.
An advance over that arrangement was the use of optical parametric down conversion, where a photon
from a pump beam is converted into a pair of photons in a crystal with a χ(2) nonlinearity. Because this
conversion is governed by the constraints of phase matching, not only are the relative emission angles of
the pairs tightly controlled, the absolute direction of the output is also, to a large degree, determined. The
classic photo of down conversion3 (Fig. 1) shows the wavelength of
the emitted light linked to its angle relative to the pump beam
direction, while the azimuthal angle of emission is not limited at
all. While this source has clearly more concentrated emission than
the atomic cascade scheme (by some measures this concentration
improvement can be in the range of 106 times) and it allows for
tunable selection of output wavelengths, it is still clearly producing
multimode emission, which is difficult to use in a single-mode
application.
This issue led people to look at pair production in single-mode
fibers. Pairs produced within such a system are by definition
created in a single mode, and thus may then be efficiently coupled
to a single-mode application. The pairs are produced by four-wave
mixing (4WM) (using χ(3) nonlinearity), where by two pump
Figure 1. Photograph of PDC light
photons (generally of the same frequency) are consumed and two
correlated or entangled output photons (of higher and lower frequencies) are created. It is also possible to
take two differing frequency pump photons and create a pair of identical frequency photons.
With this single-mode advantage, comes the disadvantage that in addition to the 4WM process that
creates the photon pairs, there is a competing process. Current efforts are focused on reducing the effect
and size of that process, as well as other related technical issues. We present the state of these sources and
efforts and we present an example of an application that makes use of them and addresses one of the oldest
problems of philosophy- what is the nature of being?4
References
1. S. Freedman and J. Clauser, “Experimental test of local hidden-variable theories,” Phys. Rev. Lett. 28, 938 - 941 (1972).
2. A. Aspect, P. Grangier, and G. Roger, “Experimental tests of realistic local theories via Bell's theorem,” Phys. Rev. Lett. 47, 460 463 (1981).
3. http://physics.nist.gov/Divisions/Div844/facilities/cprad/cprad.html
4. Parmenides, “Οὐ γὰρ μήποτε τοῦτο δαμῇ εἶναι μὴ ἐόντα,” (For never shall this prevail, that things that are not are.) On Nature
Section 7 (7.1), (ca. 500 BCE).
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Low-frequency vacuum squeezing in Rb vapor
Eugeniy E. Mikhailov and Irina Novikova
The College of William & Mary, Williamsburg, Virginia, 23187
We observed squeezed vacuum light at 795 nm in 87 Rb vapor via resonant polarization self-rotation, and report noise sidebands suppression of ≈ 1 dB below shot noise
level spanning from acoustic (less then 20 kHz) to MHz frequencies. The spectral
range of observed squeezing matches well typical bandwidths of electromagnetically
induced transparency (EIT) resonances, making this simple technique for generation of optical fields with non-classical statistics at atomic transitions wavelengths
attractive for EIT-based quantum information protocols applications.
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Magnetometry with Cold Atomic Ensembles
Anthony Miller,∗ Orion Crisafulli, Andrew Silberfarb, and Hideo Mabuchi

Department of Applied Physics, Stanford University 316 Via Pueblo Mall, Stanford, CA 94305
We present or work on the development of a calibrated sub-shotnoise atomic magnetometer.

Cold atomic ensembles have been exploited for a variety of precision sensors including
frequency standards [1], gravitometers and gravity gradiometers [2, 3], and magnetometers
[4]. These devices are only able to achieve standard quantum limited performance and do not
take advantage of non-classical correlations between different members of the ensemble or
non-classical states of individual atoms which an yield significant improvements in sensitivity.
Researchers have recently demonstrated the preparation of metrologically useful single atom
states [5] and spin-squeezed ensembles [6], however these non-classical states have yet to
yield improved sensor performance.
We present our work on sub-shotnoise magnetometers. We estimate magnetic fields
through continuous, quasi-QND measurement of the collective ensemble angular momentum.
With this measurement and estimation scheme, optimal field estimates may transparently
pass below the standard quantum limit for field sensitivity [7]. A crucial component of our
work has been the development of techniques to absolutely calibrate and verify the spin projection noise levels. We will also discuss techniques to mitigate light-induced inhomogeneous
broadening without compromising measurement efficiency and to perform state tomography.

[1] T. P. Heavner, S. R. Jefferts, E. A. Donley, J. H. Shirley, and T. E. Parker, Metrologia 42, 411
(2005).
[2] M. A. Kasevich and S. Chu, Appl. Phys. B 54, 321 (1992).
[3] B. Dubetsky and M. A. Kasevich, Phys. Rev. A. 74, 023615 (2006).
[4] S. Wildermuth, S. Hofferberth, I. Lesanovsky, S. Groth, P. Krüger, J. Schmiedmayer, and I.
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Limits to Dispersive and Slow Light Optical Devices
David A. B. Miller
Ginzton Laboratory, 450 Via Palou, Stanford University, Stanford CA 943054088, dabm@ee.stanford.edu, http://www-ee.stanford.edu/~dabm/
Abstract: We consider fundamental limits to the performance of optical
components in one, two and three dimensions, including linear slow light
devices, dispersive components and volume scatterers. These limits are based
on a bound to the number of orthogonal functions that can be scattered into a
volume and are all independent of the details of the device design.
Recently, we showed a general limit to optical components [1]. This is based on a
theorem that limits the number of orthogonal waves that can be created in a receiving
volume by strong or multiple scattering from a scattering volume. When the function of
an optical component is analyzed in terms of the number of orthogonal waves that must
be generated for the component to perform its functions, this approach gives a limit to the
performance of the component. A typical use is to deduce the minimum volume a
component must have if it is made from a given combination of materials.
For one-dimensional structures, such as a dielectric stack, upper bound limits to the
number of pulses of different colors that could be separated in time by such a device [1]
and to the number of bits of “slow light” delay possible [2] with such a device are given
in both cases approximately by the product of the length of the structure in wavelengths
times the modulus of the maximum variation of dielectric constant at any position or
wavelength, independent of other details of the design. Effects from refractive index,
gain, or absorption variations are all covered by this limit. Such limits may allow
explanation of observed limits in dispersive device design [3] and could give guidance to
limits for high index contrast devices generally (see, e.g., [4]).
We have now extended these results to include three dimensional objects, such as a
strongly scattering volume “hologram”. We find that, even considering arbitrarily strong
refractive index, gain or absorption changes, the capacity of such a device as a storage
medium is not increased beyond of the order of one degree of freedom per cubic
wavelength times the maximum variation in dielectric constant.
We consider also possibilities for limits in two dimensional systems and for other
dispersive or slow light structures.
References
[1] D. A. B. Miller, "Fundamental limit for optical components," J. Opt. Soc. Am. B
24, A1-A18 (2007)
[2] D. A. B. Miller, “Fundamental Limit to Linear One-Dimensional Slow Light
Structures,” Phys. Rev. Lett. 99, 203903 (2007)
[3] M. Gerken and D. A. B. Miller, “Limits to the performance of dispersive thinfilm stacks,” Applied Optics 44, No. 18, 3349 – 3357 (2005)
[4] Y. Jiao, S. H. Fan, and D. A. B. Miller, “Demonstration of Systematic Photonic
Crystal Device Design and Optimization by Low Rank Adjustments: an Extremely
Compact Mode Separator,” Optics Letters 30, 141-143 (2005)
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Correlation-enhanced quantum process tomography
M. Mohseni,1, 2 A. T. Rezakhani,3 and A. Aspuru-Guzik1
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of Chemistry and Chemical Biology,
Harvard University, 12 Oxford St., Cambridge, MA 02138, USA
2 Research Laboratory of Electronics, Massachusetts Institute of Technology,
77 Massachusetts Avenue, Cambridge, MA 02139, USA
3 Center for Quantum Information Science and Technology,
University of Southern California, Los Angeles, CA 90089, USA

Quantum measurement theory imposes fundamental limitations on the information extractable
from a quantum system. In the last decade, several methods have been developed for complete
characterization of a “process matrix”, encompassing all dynamical information. In particular,
quantum process tomography provides a general experimental procedure for estimating dynamics
of a system which has an unknown interaction with its embedding environment [1–5].
Performance of a tomography task is naturally limited to systematic and/or random noise in
preparations and measurements, leading to errors in the process reconstruction. Here, by utilizing generic auxiliary quantum or classical correlations, we provide a framework for estimation
of quantum dynamics via a single measurement apparatus. By construction, this approach can
be applied to quantum tomography schemes with calibrated faulty state generators and analyzers. Specifically, we present a generalization of “Direct Characterization of Quantum Dynamics”
[2, 6], with an imperfect Bell-state analyzer [7]. We demonstrate that, for several physically relevant noisy preparations and measurements, only classical correlations and small data processing
overhead are sufficient to accomplish the full system identification.
Motivated by this advancement in quantum process tomography, we also introduce a general
approach for monitoring and controlling evolution of open quantum systems [9]. Specifically, we
develop a dynamical equation for the non-Markovian evolution of the process matrix acting nonperturbatively on the system. As a result, we demonstrate that how one can estimate independent
parameters of quantum Hamiltonian systems [8, 9]. Furthermore, we propose an optimal control
theoretic approach for manipulating decoherence within such systems [9].

[1] M. A. Nielsen and I. L. Chuang, Quantum Computation and Quantum Information (Cambridge University Press, Cambridge, UK, 2000); G. M. D’Ariano and P. Lo Presti, Phys. Rev. Let. 86, 4195 (2001);
J. B. Altepeter, et. al., Phys. Rev. Lett. 90, 193601 (2003).
[2] M. Mohseni and D. A. Lidar, Phys. Rev. Lett. 97, 170501 (2006); Phys. Rev. A 75, 062331 (2007).
[3] A. Bendersky, F. Pastawski, and J. P. Paz, Phys. Rev. Lett. 100, 190403 (2008).
[4] M. Lobino et al., Science 322, 563 (2008).
[5] M. Mohseni, A. T. Rezakhani, and D. A. Lidar, Phys. Rev. A 77, 032322 (2008).
[6] Z. Wang et al., Phys. Rev. A 75, 044304 (2007); W. T. Liu et al., ibid. 77, 032328 (2008).
[7] M. Mohseni, A. T. Rezakhani, to appear in Proceedings of the Ninth International Conference on Quantum Communication, Measurement and Computing (2008).
[8] M. Mohseni, A. T. Rezakhani, and A. Aspuru-Guzik, Phys. Rev. A 77, 042320 (2008).
[9] M. Mohseni, and A. T. Rezakhani, arXiv:0805.3188 (2008).
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Photo induced conical intersections in molecular optical lattices:
the phenomenon and its consequences
Nimrod Moiseyev
Schulich Faculty of Chemistry and Minerva Center of Nonlinear Physics in Complex Systems,
Technion – Israel Institute of Technology, Haifa 32000, Israel

Abstract
Conical intersections appear in the potential energy surfaces (PES) of molecules which consist of
more than two atoms. For principal reasons, no conical intersections exist in the case of free diatomic
molecules.

We will show that diatomic molecules which interact with the standing laser waves

produce periodic arrays of laser induced conical intersections, such that the rovibrational and the
translational molecular motions are strongly coupled to each other. Similarly as for the usual conical
intersections in field free polyatomic molecules, also the laser induced conical intersection introduces
infinitely strong local non-adiabatic couplings between the involved nuclear degrees of freedom. An
effect of the laser induced conical intersections on trapping of cold diatomic molecules by light and
on the spectrum of the trapped molecules will be discussed.

Based on N. Moiseyev, M. Sindelka and L.S. Cederbaum, Fast Track Communication in J. Phys. B
41, 221001 (2008).
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Density imbalance effect on the Coulomb drag upturn in an undoped electron-hole
bilayer
Christian P. Morath,∗ John A. Seamons, John L. Reno, and Michael P. Lilly
Sandia National Laboratories, Albuquerque, NM 87185

A low-temperature upturn of the Coulomb drag resistivity measured in an undoped electron-hole
bilayer (uEHBL) device, possibly manifesting from exciton formation or condensation, was recently
observed[1–3]. In the Coulomb drag technique a current is driven in one layer of a bilayer device
causing a longitudinal voltage to arise in the adjacent layer via interlayer scattering. The measured
quantity is the drag resistivity ρD = Vdrag /Idrive (L/W ), where Idrive is the current in the drive
layer, Vdrag is the induced voltage in the drag layer and L/W is the number of squares. The effects
of density imbalance on the upturn in ρD are examined. Measurements of drag as a function of
temperature in a uEHBL with a 20 nm wide Al.90 Ga.10 As barrier layer at various density imbalances
are presented. The results show drag increasing as the density of either two dimensional system was
reduced, both within and above the upturn temperature regime and with a stronger density dependence than weak-coupling theory predicts. A comparison of the data with numerical calculations
of drag in the presence of electron-hole pairing fluctuations, which qualitatively reproduce the drag
upturn behavior, is also presented. The calculations predict a peak in drag at matched densities,
which is not reflected by the measurements.

[1] J. A. Seamons, C. P. Morath, J. L. Reno, and M. P. Lilly (2008), arXiv:0808.1322.
[2] K. Das Gupta, M. Thangaraj, A. F. Croxall, H. E. Beere, C. A. Nicoll, D. A. Ritchie, and M. Pepper, Physica E 40, 1693
(2008).
[3] A. F. Croxall, K. Das Gupta, C. A. Nicoll, M. Thangaraj, H. E. Beere, I. Farrer, D. A. Ritche, and M. Pepper (2008),
arXiv:0807.0134v2.
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FIG. 1: (Color online) Upturn in ρD measured as function of T for n ranging from 3.5 to 10.5 × 1010 cm−2 at p = 6.5 × 1010
cm−2 . Thin black lines are T 2 best fits. Inset shows a schematic of the bandstructure during operation.
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Solid state quantum memory using nuclear spins
John J. L. Morton,1, 2 Alexei M. Tyryshkin,3 Richard M. Brown,1 Shyam Shankar,3 Brendon W.
Lovett,1 Arzhang Ardavan,2 Thomas Schenkel,4 Eugene E. Haller,4, 5 Joel W. Ager,4 and S. A. Lyon3
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Department of Materials, Oxford University, Oxford OX1 3PH, UK
CAESR, Clarendon Laboratory, Department of Physics, Oxford University, Oxford OX1 3PU, UK
3
Department of Electrical Engineering, Princeton University, Princeton, NJ 08544, USA
4
Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley CA 94720, USA
5
Materials Science Department, University of California, Berkeley, USA

The transfer of information between different physical forms is a central theme in communication and computation,
for example between processing entities and memory. Nowhere is this more crucial than in quantum computation,
where great effort must be taken to protect the integrity of a fragile quantum bit. Nuclear spins are known to benefit
from long coherence times compared to electron spins, but are slow to manipulate and suffer from weak thermal
polarisation. A powerful model for quantum computation is thus one in which electron spins are used for processing
and readout while nuclear spins are used for storage [1]. Here we demonstrate the coherent transfer of a superposition
state in an electron spin processing qubit to a nuclear spin memory qubit, using a combination of microwave and
radiofrequency pulses applied to 31P donors in an isotopically pure 28Si crystal.
The electron spin state can be stored in the nuclear spin on a timescale that is long compared with the electron
decoherence time and then coherently transferred back to the electron spin, thus demonstrating the 31P nuclear spin
as a solid-state quantum memory. We have achieved store-recover fidelities of 90%, which we attribute to systematic
imperfections in radiofrequency pulses which can be improved through the use of composite pulses [2]. The coherence
lifetime of the quantum memory element is studied as a function of donor concentration and temperature, and is
found to exceed one second at 5.5K [3]. Dynamic decoupling can be applied to protect the nuclear spin quantum
memory element from sources of decoherence and extend this time even further. The memory sequence we have
developed here is readily applicable to other systems with appropriate electron-nuclear spin coupling, such as
endohedral fullerenes and nitrogen defects in diamond.
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The figure above shows the coherent storage of an electron spin state in a nuclear spin state, using 31 P-doped
28
Si-enriched silicon single crystal. (A) An electron spin coherence is stored in the nuclear spin for 2τn ≈ 50 ms, at
7.2 K. The recovered electron spin echo is of comparable intensity to that obtained at the beginning of the sequence,
even though the electron spin coherence time here is about 5 ms. The lifetime of the stored state is limited instead by
the nuclear decoherence time T2n , which can be measured directly by varying τn . (B) The recovered echo intensity
was measured a function of the storage time at 5.5 K, yielding a T2n exceeding 1 second.
[1] BE Kane Nature 393, 133 (1998))
[2] JJL Morton et al. Phys Rev Lett 95, 200501 (2005)
[3] JJL Morton et al. Nature 455, 1085 (2008)
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Nonlinear Spectroscopy with Entangled Photons; Manipulating Quantum Pathways of
Matter
Oleksiy Roslyak, Shaul Mukamel
Chemistry Department, University of California, Irvine, California
92697-2025, USA
A superoperator nonequlibrium Green's function formalism is presented for computing
nonlinear optical processes involving any combination of classical and quantum optical modes. Closed
correlation-function expressions based on superoperator time-ordering are derived for the combined
effects of causal response and non-causal spontaneous fluctuations of the dipole operator. Coherent
three wave mixing (sum frequency generation (SFG) and parametric down conversion (PDC)) involving
one and two quantum optical modes respectively, and their incoherent counterparts: two-photoninduced fluorescence (TPIF) and two-photon-emitted fluorescence (TPEF) are described using a
unified approach.
Many applications of entanglement use photons tuned off all material resonances.
Nonlinear interactions between optical modes are then mediated by susceptibilities which
enter as coefficients in an effective optical field interaction Hamiltonian. The matter then
plays only a passive role by providing the interaction parameters but its degrees of
freedom do not actively participate in the process. A clear signature of entanglement in
nonlinear optics is that near-resonant sum frequency generation two photon induced
fluorescence (TPIF) and two-photon absorption (TPA) signals scale linearly (rather than
quadratically) with the incoming field intensity, indicating that the two photons effectively
act as a single particle. This effect has been predicted and verified experimentally by
several groups. We show that resonant nonlinear interactions between entangled photons
and matter can lead to a more dramatic effect: quantum pathway selection. In resonant
processes the matter gets entangled with the photons, making it possible to control the
pathways of matter by manipulating the photons. Signals induced by resonant interactions with
entangled photons can be controlled by selecting a subset of desired pathways. This opens new ways
for manipulating nonlinear optical signals and revealing matter information otherwise erased by
interference. Such active control is demonstrated for techniques which involve the absorption of
entangled photon pairs, TPA, and in homodyne detected difference frequency generation (DFG). In
TPA, entanglement selects a group of pathways whose contribution to the signal is otherwise weak. By
varying the degree of entanglement it becomes possible to control interference effects.
This opens up new possible applications to quantum information processing and allows to
improve the resolution of nonlinear spectroscopic techniques.
Photon entanglement signatures in homodyne detected difference frequency generation are
predicted. The coherent signal is cooperative and is given by products of Liouville pathways for all
possible pairs of molecules and the corresponding optical field correlation functions. When the signal is
generated by classical optical fields the molecules follow completely independent pathways. However
quantum optical fields induce coherences between these molecular pathways. In another application,
the capacity of pump probe spectroscopy with entangled biophotons to resolve off resonant transitions
(virtual state spectroscopy) is analyzed using Schwinger-Keldysh loop diagrams that involve both
forward and backward time evolution.
“Nonlinear optical spectroscopy of single, few and many molecules; Nonequilibrium
Green’s function QED approach, C.A. Marx, U. Harbola and S. Mukamel, Phys. Rev. A, 77,
022110, 2008.
“Unified description of sum frequency generation, parametric down conversion and two
photon fluorescence”, O.Roslyak, C. Mark and S. Mukamel, Molecular Physics (Submitted,
2008).
“Nonlinear spectroscopy with entangled photons; manipulating quantum pathways of
matter”, O. Rosyak, C. Marx and S. Mukamel, Phys. Rev. A. (Submitted, 2008).
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Ultrafast Tabletop Diffractive Microscopy and Nanothermal Imaging using
Coherent High Harmonic Beams
M. Siemens, Q. Li, D. Raymondson, R. Sandberg, R. Yang, M. Murnane, H. Kapteyn
Department of Physics and JILA, University of Colorado, Boulder, Colorado
K. Raines, J. Miao
Department of Physics, University of California, Los Angeles, California
W. F. Schlotter
Institute for Experimental Physics, University of Hamburg, and FLASH at DESY
Erik Anderson
Center for X-Ray Optics and Lawrence Berkeley Labs, Berkeley, California
Keith Nelson
Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts
This talk will discuss ultrafast coherent x-ray imaging, and applications in nanoscale heat
transport and high frequency photoacoustics. Coherent x-ray crystallography is currently the
primary experimental method for understanding the three-dimensional nanometer-scale structure
of materials. In recent years, the technique of x-ray diffraction microscopy (also called lensless
imaging) has been used to image single, isolated (i.e. nonperiodic) samples. This ability is
attractive because traditional x-ray diffraction requires crystallization of a sample. Until recently,
the implementation of x-ray diffraction microscopy was limited to large user facilities because of
the flux requirements for imaging. Recently, we demonstrated the first high-resolution diffractive
imaging using tabletop x-ray sources, with resolutions down to 53 nm using 29 nm high
harmonic beams. We also implemented multiple reference Fourier transform holography (FTH)
where reference holes surrounding a sample produce independent diverging reference wave
fronts that result in multiple images in the generated hologram. Applications in probing
nanoscale heat transport and high frequency photoacoustics will be discussed, as well as future
prospects for imaging of biological samples.
References
[1] R.L. Sandberg, et al., “Lensless Diffractive Imaging Using Tabletop Coherent HighHarmonic Soft-X-Ray Beams,” Physical Review Letters 99, 098103 (2007).
[2] R.L. Sandberg et al., “High Numerical Aperture Tabletop Soft X-ray Diffraction Microscopy
with 70 nm Resolution,” Proc. Nat. Acad. of Sci. of USA, 105, 24-27 (2008).
[3] R.L. Sandberg, et al., “Closing the Gap to the Diffracton Limit: Tabletop Soft X-Ray Fourier
Transform Holography,” Optics Letters, submitted (2008).
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Contingent choice of states to simplify a quantum decision
problem of light detection
John M. Myers
Harvard University, School of Engineering and Applied Sciences
60 Oxford Street, Cambridge, MA 02138, USA

Abstract
In past work Hadi Madjid and I proved that quantum states can never be determined by probabilities [Ann. Phys. 319, 271 (2005)], a result that reinforces the point of view that quantum
states are mathematical entities used by physicists to calculate, in contrast to anything directly
experimentally visible on a laboratory bench. Here I show how the use of alternate state-based
descriptions that generate the same probabilities greatly simplifies a problem in quantum decision
theory, in which light detectors are subject to a constraint.

I.

INTRODUCTION
Quantum physics began with an imaginative act with Planck’s imagining oscillators, neither

visible nor touchable, but expressed in the language of mathematics. In linking quantum theory
to experiments, the state vectors and operators that appear in calculations are not to be seen on
a laboratory bench; instead these abstractions combine to produce probabilities, and it is only
the probabilities that can compare with relative frequencies of outcomes tallied in an experiment.
There is a kind of partition in quantum theoretic descriptions between probabilities as mathematical entities thought of as more or less directly comparable with experiments and state vectors and
operators as more abstract mathematical entities used to calculate and think about the probabilities.
PACS numbers: 03.65Ta,03.67.-a,42.50Dv
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Large-area atom interferometry
Holger Müller,1,2,* Sheng-wey Chiow,2 Sven Herrmann,2 and Steven Chu1,2
1

Department of Physics, University of California, Berkeley, CA 94730, USA,
Lawrence Berkeley National Laboratory, Berkeley, CA 94730, USA, and
2
Physics Department, Varian 226, Stanford, CA 94305, USA.
*
E-mail: hm@berkeley.edu.

The sensitivity of atom interferometers is given by the atom optics used for splitting the
matter waves. New applications, like precision measurements of the fine structure
constant, tests of General Relativity, or detecting gravitational waves,1 require new atom
optics that can increase the splitting of the interferometer arms by factors of 100s.
Moreover, common-mode rejection between simultaneous interferometers is required.
We have experimentally demonstrated large-area interferometers based on multiphoton
Bragg diffraction of matter waves at an optical lattice2. This allowed us to split the matter
waves by 24 photon momenta, the largest splitting so far.3 Moreover, we have
demonstrated the required common-mode rejection between simultaneous large-area
atom interferometers. The rejection of vibrations thus afforded allowed us to increase the
enclosed area by a factor of 2,500 for interferometers with 20 photon momentum
splitting.4 Finally, we have demonstrated a “Bloch-Bragg-Bloch” (BBB) beam splitter,
which has so far reached a splitting of up to 88 photons and interference with good
contrast at 24 photons.5 It combines Bragg diffraction with accelerating sections of Bloch
oscillations. Its momentum transfer is not limited by laser power and may reach 100s or
even 1000s of photons.
These methods will lead to improved measurements of inertial forces, e.g., in navigation
or tests of general relativity. Our near-term goal is measuring h/M, the ratio of the Planck
constant to the mass of the cesium atom, and thereby the fine-structure constant.
Reaching an accuracy at the sub-0.1ppb level would probe for physics beyond the
standard model at the TeV energy scale. Moreover, using our measured data as a basis,
we can make a case for gravitational wave detection with atom interferometry.

________________________________________________________________________
1

S. Dimopoulos, P. W. Graham, J. M. Hogan, M. A. Kasevich, and S. Rajendran, arXiv:0712.1250 (2007).
H. Müller, S.-w. Chiow, and S. Chu, Phys. Rev. A 77, 023609 (2008).
3
H. Müller, S.-w. Chiow, Q. Long, S. Herrmann, and S. Chu, Phys. Rev. Lett. 100, 180405 (2008).
4
S. Herrmann, S.-w. Chiow, S. Chu, and H. Müller, to be published.
5
S.-w. Chiow, S. Herrmann, H. Müller, and S. Chu, to be published.
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Useful Diagnostics in the construction of a Gradient Magnetometer Atom
Interferometer
J.P.Davis and F.A. Narducci∗

Naval Air Systems Command,EO Sensors Division, Patuxent River, Maryland 20670
We discuss quantum optical techniques useful in the development of an atom interferometer
magnetic gradiometer.
I.

SUMMARY

Atom interferometers currently form the basis for state of the art precision sensors, such as gyroscopes
[1], gravimeters [2], gravity gradiometers [3] and clocks [4]. Although the sensitivity of these devices is exquisite,
great care needs to be taken to account for and control sources of noise. While considering the construction of
an atom interferometer-based gradient magnetometers, the usual difficulties arise but additional complications
need to be addressed, particularly if the measurements are to be made away from the pristine environment of the
laboratory. These complications arise from the fact that, by necessity, the transitions used in the interferometer
are magnetically sensitive. Furthermore, we are investigating the use of these gradient magnetometers in
magnetically noisy environments, such as Earth’s field and moving airborne platforms. We show that atom
interferometers can be useful for the measurement of magnetic field gradients but that the problem becomes one
of measuring small changes in the measured gravitational field due to these magnetic field gradients.
Magnetic fields can effect the temperature of a cold atom cloud [5], which in turn effects the length of
time of time a sample of cold atoms can spend in an interferometer. We show how quantum optics techniques
such as the measurement of polarization rotation and the Larmor precession frequency can be used to mitigate
the effects of the Earth’s magnetic field and local field contributions so that magnetically sensitive atoms that
are laser cooled in an unshielded environment can be made sufficiently cold for interferometer purposes. We also
discuss our implementation of a recently proposed and demonstrated [6] in-situ, non-destructive technique for the
continuous measurement of the atom cloud’s temperature.
Most atom interferometers use a coherent superposition of the mF = 0 (where mF is the magnetic
projection of the F quantum number) for differing ground states. These states are chose precisely because
of their insensitivity to magnetic fields. In our envisioned interferometer, we analyze three different coherent
superpositions of mF levels, including superpositions of states from the same and from different hyperfine levels.
We demonstrate that only one is useful for the measurement of gradient magnetic fields. We demonstrate how
the desired coherent superposition state can be constructed and measured.
Finally, we update the status of this project.

[1] T. L. Gustavson, P. Bouyer, and M. A. Kasevich. Precision rotation measurements with an atom interferometer
gyroscope. Phys. Rev. Lett., 78(11):2046–2049, Mar 1997.
[2] M. Kasevich and S. Chu. Measurement of the gravitational acceleration of an atom with a light-pulse atom interferometer.
Appl. Phys. B, 54:321–332, 1992.
[3] J. M. McGuirk, G. T. Foster, J. B. Fixler, M. J. Snadden, and M. A. Kasevich. Sensitive absolute-gravity gradiometry
using atom interferometry. Phys. Rev. A, 65(3):033608, Feb 2002.
[4] M. Abgrall H. Marion I. Maksimovic L. Cacciapuoti J. Grnert C. Vian F. Pereira dos Santos P. Rosenbusch P. Lemonde
G. Santarelli P. Wolf A. Clairon A. Luiten M. Tobar S. Bize, P. Laurent and C. Salomon. Cold atom clocks and
applications. J. Phys. B: At. Mol. Opt. Phys, 38:S449–S468, Feb 2005.
[5] William D. Phillips. Nobel lecture: Laser cooling and trapping of neutral atoms. Rev. Mod. Phys., 70(3):721–741, Jul
1998.
[6] Tomasz M. Brzozowski, Maria Brzozowska, Jerzy Zachorowski, Michal Zawada, and Wojciech Gawlik. Probe spectroscopy in an operating magneto-optical trap: The role of raman transitions between discrete and continuum atomic
states. Physical Review A, 71(1):013401, 2005.
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Optical Nanofibers for Manipulating Atoms and Photons
K. P. Nayak, Fam Le Kien, and K. Hakuta
Department of Applied Physics and Chemistry,
University of Electro-Communications, Tokyo, Japan.
e-mail: kali@kiji.pc.uec.ac.jp
We experimentally demonstrate efficient
coupling of atomic fluorescence to the guided
modes of a subwavelength-diameter silica fiber,
an optical nanofiber. Experiments are performed
by overlapping cold Cs-atoms, from a magnetooptical trap (MOT), with an optical nanofiber and
Fig. 1: Schematic diagram of the experiment.
observing fluorescence photons through the
guided modes of the nanofiber (see Fig. 1). The
nanofiber suppresses any scattering light into the guided modes and high coupling efficiency of
fluorescence photons to the guided modes enables us to measure fluorescence of a very small number of
atoms present in the evanescent region of the nanofiber [1].
Due to the inherent nature of the nanofiber method the fluorescence excitation spectrum strongly
reflects the atom-surface interaction which would be dominant for distances closer than λ/2π from the
surface [1]. The spectrum reveals a broad tail in the red detuned side (see trace A in Fig. 2(a)).
Furthermore we demonstrate that the surface conditions can be modified (see trace B in Fig. 2(a)) by
photo-ionizing the MOT atoms around the nanofiber using a violet laser radiation [2].
We investigate the correlations between photons emitted into the guided modes of the nanofiber. The
observed antibunching of fluorescence photons (see Fig. 2(b)) demonstrates that single atoms can be
detected efficiently through the guided modes of the nanofiber [2]. Moreover due to the single spatial
mode nature of the nanofiber guided modes, the photon correlations evolve as interplay between the firstand second-order coherences with increasing atom number.

a)

b)

Fig. 2: (a) Fluorescence excitation spectrum measured through the nanofiber before (trace A) and after
(trace B) violet laser irradiation. (b) Photon correlations measured under trace B conditions. n and ID denote
the estimated average atom numbers and the corresponding dispenser currents respectively.

References:

1- K. P. Nayak et al., Opt. Express 15, 5431 (2007).
2- K. P. Nayak and K. Hakuta, New J. Phys. 10, 053003 (2008).
PQE-2009

195

Nanostructure Antennas and Scatterers
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Abstract: We present a study of the electromagnetic field characteristics
and radiation enhancement factors for several nano antennas and radiators.
The collective oscillations of electrons on the surface of a conductor produce
electromagnetic waves known as surface plasmons traveling parallel to the metal-air
interface. A surface plasmon mode wave vector is typically much longer than light wave
vector of the same energy in air. For this reason without a device such as a grating
coupler electromagnetic radiation at optical frequencies does not initiate a surface
plasmon mode in a smooth metal surface [1]. Even with the proper excitation mechanism,
plasmons may be excited in a way characteristic of surface waves with electromagnetic
field decay exponentially into the space above the surface and energy dissipated as heat
in the metal. These are called non-radiative surface plasmons. In order to induce
plasmonic radiation at a particular point on a metal surface various types of subwavelength antennas and cylindrical probes have been proposed [2]. Here we present an
investigation of some of the most successful probes and antennas with the ultimate
objective of improving surface enhanced Raman scattering that allows observation of
single molecules [3,4].
We will first consider the cone shaped cylindrical probe with a rounded tip, looking
at the field enhancement when the probe is placed in proximity to a metal surface. We
then present results for a modified cone shaped probe with a flattened tip that shows
promise in producing a high field gradient previously obtained with limited success via
an aperture in the cone tip [5]. Next we present various thin-wire center-fed antennas
with particular attention on the widely investigated bowtie design. We modify this design
with a set of orthogonal bowties that show enhanced radiation under circular polarization
excitation. We then propose a new class of plasmonic antennas based on the microstrip
antenna widely used at microwave frequencies [6] that exhibit high-Q plasmonic
resonances and enhanced fields.
References:
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[2] Mark I. Stockman, Lakshmi N. Pandey, Leonid S. Muratov, et al.,Phys. Rev. Lett. 72
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[4] Hermeneglido N. Pedrosa, Achim Hartschuh, Lukas Novotny, Todd D. Krauss,
Science 301 (2003) 1354.
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(1992), 2957-2959.
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Optimal control of light pulse storage and retrieval in atomic vapor
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Efficient and reliable quantum communication will require the coherent control of
individual photons. As a step toward this objective, we have demonstrated promising
techniques that involve using the dynamic form of electromagnetically induced
transparency to optimally and reversibly map arbitrary classical pulse shapes of light onto
an ensemble of hot Rubidium atoms. One technique employs time-reversal to determine,
using an iterative procedure, the optimally-stored signal field for a given control field.
Another method makes use of the one-to-one mapping between the decayless spin modes
of the atoms and the signal field to calculate the optimal control field for a given signal
field.
We show that both techniques equivalently obtain optimal memory efficiency for a given
optical depth. We observe good agreement with theoretical predictions for lower optical
depth (<25), but memory efficiency falls below predictions at higher optical depths. We
analyze possible effects responsible for this reduced memory, such as resonant four-wave
mixing, ac-Stark shifts, etc, and present the results of current investigations into the
optical depth dependence of such phenomena.
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Coherent Enhancement of Refractive Index in
Solids using Excited State Absorption
Chris O’Brien, Olga Kocharovskaya
December 9, 2008

1

Abstract

Index of refraction characterizes the linear response of a medium and hence it
is strongly enhanced near atomic resonance. However it is accompanied either
by strong absorption at the same frequency or large gain in the neighboring frequency range. A mixture of two 2-level atomic species with overlapping absorption and gain could provide resonant enhancement with vanishing absorption.
However the difficulties associated with its practical implementation would be
hardly surmountable. Besides growth of the polarization decay constant due to
atomic collisions does not allow for realization of the high refractive index in
gases.
We show that the problems may be naturally overcome using coherent control of excited state absorption (ESA), i.e. absorption from the excited electronic
state, in rare-earth doped crystals. We consider a 3-level scheme with a populated intermediate level coupled to the probe field in a ladder configuration.
Absorption from an intermediate state is controlled by a coherent driving field
interacting with an adjacent transition. Superposition of the emission spectrum
with absorption from an excited state controlled by an additional driving field
can lead to a higher refractive index while balancing gain and absorption. This
concept is explored for when ESA is to a discrete energy level as well as when
the termination state is the conduction band. We are particularly interested in
crystals studied for ultraviolet lasers, where ESA cross section often exceeds the
emission cross section. Experimental realization of this system is discussed for
examples of these crystals.
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Experiments with an ultracold three-component Fermi gas
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Department of Physics, Pennsylvania State University,
University Park, Pennsylvania 16802-6300, USA

Abstract: We have created a degenerate gas of fermionic atoms with equal populations in three
internal states. This achievement opens up new possibilities for studying universal three-body
interactions and represents a first step toward realizing color superconductivity in an ultracold gas.

We have created a degenerate gas of 6 Li atoms
with equal populations in the three lowest energy
hyperfine states [1]. Utilizing three overlapping Feshbach resonances, we can adjust the strength of all
pairwise interactions in this system. This allows us
to test universal properties of three-body quantum
systems with resonant two-body interactions– such
as the existence of Efimov trimer states with arbitrarily shallow binding energies. Indeed, two resonant loss features we observe as we vary the interactions (see Fig. 1) are believed to be due to Efimov
trimer states crossing the continuum threshold [2–4].
In the limit of large magnetic fields, the pairwise interactions are identical, making the system
symmetric under SU(3) transformations. In this
limit the interactions are attractive and there can
be competition between three types of Cooper pairing. BCS superfluidity in this system, if it can be
achieved, would be analogous to the color superconducting phase of quark matter [6]. The three-body
recombination loss rates we measure at high field can
be used to determine the 3-body parameters in the
SU(3) regime. These measurements indicate that
color superconductivity should be achievable with
this 3-state mixture at low-density in a large-period
optical lattice.

combination rate calculated by E. Braaten and collaborators [2] in the zero-range approximation (solid
line) which only depends on the scattering lengths
shown in (a) and the 3-body parameters Λ and η∗ .
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Fig. 1 (a) The three pairwise s-wave scattering
lengths as a function of magnetic field exhibit Feshbach resonances at 690, 811, and 834 G and asymptote to at = −2140a0 at high field [5]. (b) The
fraction of atoms remaining in a three-state mixture of 6 Li atoms at various magnetic fields after a
200 ms interval in an optical trap. In addition to
a broad loss feature near the Feshbach resonances,
there are two resonant loss features at 130 and 500 G
which may be due to Efimov trimers crossing threshold [2–4]. (c) The three-body loss-rate constants we
measure at various fields (circles). The 3-body re-
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Detection of Casimir Photons with Electrons
S.G. Gevorkian, A.A. Hakobyan, N.Sh. Izmailyan, K.B.Oganesyan,
K.G. Petrosyan, E.M. Sarkisyan
A.I. Alikhanyan Yerevan Physics Institute, Yerevan, Armenia
Alikhanyan Br.2, 375036, Theory Departament, E-mail:bsk@yerphi.am
Abstract: We propose a method for the detection of a dynamical Casimir effect. Assuming that the
Casimir photons are being generated in an electromagnetic cavity with a vibrating wall (dynamical Casimir
effect), we consider electrons passing through the cavity to be interacting with the intracavity field.
Recent precision measurements of the Casimir force [1] confirm the basic concepts of the quantum field
theory in the presence of static external constraints. The success in measuring the static Casimir force
intensified experimental efforts in order to verify a no less fundamental prediction, namely, the dynamical
Casimir effect, i.e., the creation of particles out of a vacuum induced by the interaction with dynamical
external constraints [2].
We propose another scheme for the detection of Casimir photons. We exploit an interaction of the photons
with electrons passing through the electromagnetic cavity with a vibrating wall. The interaction of an
electron with an intracavity field while passing the cavity was actually considered half a century ago [3]. At
that time, attention was paid to quantum fluctuations in the electron’s kinetic energy and to relationships
similar to Nyquist’s formula. We derive expressions for the average kinetic energy and its variance.
However, our purpose is restricted to finding a way of detecting the photons generated in the dynamical
Casimir effect. We show, the dynamical Casimir effect can be observed via the measurement of the
change in the average or in the variance of the electron’s kinetic energy.
Now, we have two ways of checking for the presence of Casimir photons. In one way, we may employ the
change of the average kinetic energy and, in the other, we should exploit the kinetic energy variance. We
propose an experimental way for detecting a dynamical Casimir effect. The setup involves the interaction
of electrons passing a cavity with a vibrating wall and interacting with the intracavity electromagnetic field.
For certain parameters, it becomes possible to directly recognize the presence of Casimir photons. We point
out that the enhancement of the effect for finite temperatures makes it easier to detect the dynamical
Casimir effect.
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The Undulator Radiation in the THz Region
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Abstract: The experimental device for generation of undulator radiation in terahertz wavelength region
by use of undulator on ferromagnets is created. The device is based on a beam of a microtrone with the
energy 7, 5 MeV .
During the last decade there was a sudden increase in the number of the fundamental and applied
studies in the field of generation and application of radiation in the wavelength interval of 30 microns up to
0.3 mm that corresponds to the frequency range of 10 - 1 THz for applications to biophysics, medical and
industrial imaging, nanostructures, and materials science[1].
We developed and produced the undulator on constant magnets [2]. On the basis of that undulator
the experimental installation for generation of spontaneous undulator radiation in terahertz wavelength

range was created. The diagram of the installation is shown in Fig. 1.
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Fig. 1. (a) General view, (b) The scheme of installation for measurement of integrated
characteristics of a undulator magnetic field. (c) The diagram of the experimental installation. 1 –
microthrone; 2 - quadrupole lenses; 3 - rotating magnet; 4 – correcting magnet; 5 - undulator
magnet; 6 - lead protection; 7 – pyrosensor; 8 - spherical mirror; 9 – Faraday cup; 10 –
luminophor screen. 11 - camera; 12 - thin flat aluminum foil mirror; 13- adjustable blind. (d) The
layout of the optical resonator. 1 - spherical mirror with radius of curvature 1.5 m; 2 - output
spherical mirror with radius of curvature 1.5 m and with 5 mm diameter of the central opening; 3 device for remote navigation of the mirror for synchronization of longitudinal modes, 4 – sensor
for measurement of the radiation intensity, 5 – distantly operated blind.
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Abstract: We analyze different influences (inelastic and elastic scattering on the electrons of crystal,
interaction with the lattice discontinuity and so on) which can destroy the positron atoms in classical sense or
more precisely the lifetime of positrons in the regime of channeling. It was shown that the classical lifetime of
positron atoms is much more than its quantum lifetime (the lifetime during which the positron system decays
on γ or 2γ rays). In other words it is shown that the lifetime of positron atoms in mentioned case is being
characterized by annihilation processes which occur in the medium at channeling. In work in detail are
investigated the annihilation processes of positron atom (e- e+) on one γ and two 2γ rays. In work in detail are
investigated the annihilation processes of positron atom on one γ and two 2γ rays and as well possibilities
of decay of positron atoms under the influence of stimulation.
The possibility of axial channeling of positive particles of serious consideration till now was not being
exposed. Recall that this fact is connected with the problem that the crystallographic axes positively are been
charged regardless of the crystal's sort. At the same time, the investigation of possibilities of axial channeling
of positrons and, hence, the formation of metastable relativistic positron atoms is a problem of utmost urgency
for a radiation physics. Generally speaking there are two ways for creation of relativistic positron-atoms. The
first direction was suggested in works [1, 2] and is connected with the method of mixing of relativistic beams
of electrons and positions in vacuum and further the stimulation of positroniums' decay. However, this way
is extremely ineffective because the probabilities of formation of positroniums in vacuum are very low. The
second direction for generation of coherent γ rays which is based on the stimulation of annihilation processes
of positrons which are in the regime of channeling in crystal was proposed in the work [3]. But in this case the
main problem is a de-channeling effect. In earlier studies (see [4]) we have focused attention on the
capabilities of ionic crystals of type CsCl. In particular, we in detail have studied the effective interaction
potential of a positively charged particle with a crystal along the <100> axis of chlorine Cl¯ ions depending of
medium’s temperature. We have shown that relativistic positrons can be trapped of axial channeling regime
around of detached axises of Cl¯ ions. As was shown by numerical simulation the channeling potential has an
annular symmetry which is situated in regions far from the crystal axes and practically doesn't depend on
temperature of medium. We have shown that the initial problem of channeling positron may be transformed to
the problem of the 2D positron atom.
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Two-photon gateway in one-atom cavity quantum electrodynamics
A. Kubanek, A. Ourjoumtsev, I. Schuster, M. Koch, P.W.H. Pinkse, K. Murr, and G. Rempe
Max-Planck-Institut für Quantenoptik, Hans-Kopfermann-Str. 1, D-85748 Garching, Germany

We experimentally show that a single two-level atom strongly coupled to an optical cavity can
absorb and emit resonant photons in pairs, demonstrating the non-harmonic energy structure of the
atom-cavity system.

A single two-level atom excited with a resonant laser beam usually absorbs and emits photons one by
one. However, when the atom is strongly coupled to an optical mode inside a high-finesse cavity, the same
photon can be absorbed and emitted several times. This coupled system, described by the Jaynes-Cummings
Hamiltonian, presents a non-harmonic energy structure which allows one to selectively populate it with a
well-defined number of photons by adjusting the frequency of the excitation beam.
In our experiment, single rubidium atoms were trapped inside a high-finesse optical cavity, excited with a
weak nearly resonant coherent probe beam. The light transmitted through the cavity was detected with two
single photon counters in a Hanbury-Brown and Twiss configuration, allowing us to measure the coincidences
between photon detection events as well as the overall transmitted intensity. While scanning the frequency of
the probe light, we observed that single excitations played a predominant role in the the transmitted intensity,
maximized on resonance with the normal modes, whereas photon pairs were preferentially transmitted on
the two-photon resonance of the system. In this case, the atom-cavity system transformed a random stream
of input photons into a correlated stream of output photons, thereby acting as a two-photon gateway [1].
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FIG. 1: LEFT: The energy level structure of one atom strongly coupled to a quantized field governs the statistics of
photons which leak out of the cavity. Photons arrive randomly at the input mirror and exit in pairs as soon as two
laser photons are on resonance with the two-photon dressed state |2, ±i. RIGHT: Correlation spectrum for zero time
delay as a function of the cavity detuning. The spectrum shows that the rate of coincidences C (2) = hâ† â† ââi − hâ† âi2
(left scale) is maximum when two laser photons become resonant with the two-photon dressed state |2, −i. The solid
curve is the theoretical prediction for a fixed atom, using our effective experimental parameters. In comparison, the
measured photon count rate is maximum on the single photon dressed state |1, −i (dotted, right scale); the standard
deviations (0.2-1 kHz) are not shown for clarity.
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Localization of ultrasonic waves
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Fifty years after Anderson localization was first proposed, there is currently a resurgence
of interest in this phenomenon. This interest is fuelled by theoretical and experimental
advances, especially for classical waves, where unambiguous experimental evidence for
localization in three dimensions has remained elusive until recently. In this talk, I will
summarize our progress [1] in demonstrating the localization of ultrasound in a
“mesoglass” made by assembling aluminum beads into a three-dimensional elastic
network (see Fig. 1). We study the time-dependent
transmission of the ultrasonic intensity, which reveals a
non-exponential decay at long times, characteristic of
transmission below the mobility edge. We also measure
the dynamic transverse confinement of the waves due to
localization, an effect that has not been observed
previously for any type of wave. We call this effect
transverse localization in three dimensions.
Our FIG 1: Side view of one of the
experimental data are well described by a new self- brazed aluminum bead
consistent theory of the dynamics of localization, samples used in the ultrasound
providing an important validation of this theoretical localization experiments.
approach and enabling the localization length to be
measured. In addition, we show that the transmission
exhibits non-Gaussian statistics, consistent with values of the
Thouless conductance g less than one. This is the first time
that three different fundamental aspects of Anderson
localization (time-dependent transmission, transverse
confinement of the waves, and statistics) have been studied
simultaneously, providing very convincing evidence for the
localization of sound in three dimensions. Our results also
show that dynamic measurements of 3D transverse
localization provide a powerful new method for determining
whether or not waves are localized – an approach that can be
FIG 2: Near field speckle
pattern reveals non-Gaussused to guide future investigations of localization for any
ian statistics with g < 1.
type of wave.
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Bridging atomic and nuclear physics in isomer triggering
Adriana Pálffy, Jörg Evers and Christoph H. Keitel
Max Planck Institute for Nuclear Physics, Saupfercheckweg 1, D-69117 Heidelberg, Germany

Release on demand of energy stored in nuclear isomers has been the subject of a number
of sometimes controversial investigations in the last decades [1,2]. The isomeric state can be
excited to a higher nuclear level which is associated with freely radiating states and therefore
releases the energy of the metastable state, as schematically presented in Fig. 1 for the case of
93
Mo. The motivations for investigating isomer triggering are fundamental such as the challenge
of understanding the formation and the role of nuclear isomers in the creation of the elements in
the universe, together with a number of fascinating potential applications that have been
suggested.
Inspired by the need to identify efficient triggering
mechanisms, the possible isomer activation by coupling to the atomic shell in the process of nuclear
excitation by electron capture (NEEC) is investigated.
NEEC is a resonant process at the borderline between
atomic and nuclear physics, in which the
recombination of a continuum electron into a bound
atomic shell leads to the excitation of the nucleus
[3,4]. In the context of isomer research, unlike other
nuclear excitation mechanisms, NEEC has received
little attention until now. We present total cross
sections for NEEC isomer triggering considering
experimentally confirmed low-lying triggering levels Fig.1 Partial level scheme of 93Mo.
and reaction rates based on realistic experimental
parameters in ion storage rings. A comparison with other isomer triggering mechanisms shows
that, among these, NEEC is the most efficient one [5]. An experimental verification of our
findings at the borderline of atomic and nuclear physics may be provided by upcoming ion
storage ring facilities and ion beam traps which will commence operation in the near future.
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Nuclear isomers are nuclei in a metastable, excited state that can contain an energy typical of nuclear
excited states, up to MeVs per nucleus but usually an order of magnitude lower. A material made with
only energy-containing isomers is therefore orders of magnitude more energetic than any conventional
material can be: molecules store no more than perhaps 10s of eVs, and the excited atoms or molecules
that are the gain medium in lasers contain a few eV per particle. Lasers work through coherent deexcitation by electromagnetic radiation, and since electromagnetic radiation can also de-excite nuclear
isomers they offer at least one of the conditions for a gamma-ray laser whose photons have nuclear-type
energies. And, even if other requirements for a gamma ray laser are not fulfilled and a gamma ray laser
can not become practical, the large energy stored in the nucleus might become applicable in some other
way, from unconventional explosives to nuclear batteries.
Most work on nuclear isomers deals with physics issues, such as measurements of the de-excitation cross
section as function of photon energy, or the excitation cross section from a suitable nuclear ground state
into an energetic isomeric state. In a previous paper we calculated the consequences ofa typical
excitation cross section as measured under another part of our program, for a very simple but
programmatically essential variable for a macroscopic material, price. This and all other similar processes
are so inefficient that energy stored in nuclear isomers becomes very expensive, much more than a dollar
per Joule.
In this paper we make similar estimates for other processes that would be essential for practical
application of isomers.
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Broadband laser for detection and cooling of molecules
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France
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Cold molecules formed via photoassociation can be controlled by using spectrally
broadband lasers. First the mechanisms of formation of formed cold molecules in
deeply bound levels of the ground state can be systematically investigated through
a REMPI scheme with a broadband laser.
Second the vibrational cooling through optical pumping using a shaped broadband
femtosecond laser has been demonstrated for Cs₂ molecules. The molecules
initially formed via photoassociation of cold cesium atoms are in several
vibrational levels, v, of the singlet ground state. The broadband femtosecond laser
can electronically excite the molecules, leading via a few absorption - spontaneous
emission cycles, to a redistribution of the vibrational population in the ground state.
By removing the laser frequencies corresponding to the excitation of the v=0 level,
we realize a dark state for the so-shaped femtosecond laser, yielding with the
successive laser pulses to an accumulation of the molecules in the v=0 level [1].
The method opens novel perspectives for the laser manipulation of molecules.
[1] Optical pumping and vibrational cooling of molecules, M. Viteau, A. Chotia,
M. Allegrini, N. Bouloufa, O. Dulieu, D. Comparat, P. Pillet, Science 321, 232
(2008).
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QUANTUM HALL STATES SEEN AS QUANTUM LIQUIDS
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Aron Pinczuk
Dept. of Appl. Physics & Appl. Mathematics and Dept. of Physics,
Columbia University, New York, NY
Electron fluids in semiconductor quantum structures support low-energy excitation
modes that manifest the remarkable quantum phases that emerge from fundamental
interactions in two-dimensions. The benchmark semiconductor system is that of the wellknown ultra-high mobility 2D electron gas in GaAs-AlGaAs heterostructures.
Inelastic light scattering methods at very low temperatures (reaching to below 50
milliKelvin degrees) are experimental venues to study low-lying excitations that take the
fluids above its ground states. Of particular interest are the excitation modes that
demonstrate quantum liquid behavior. This talk will present recent results that serve as
key examples that demonstrate the power of light scattering experiments to study the
excitations that express distinct quantum phases of the electron liquids.
Recent inelastic light scattering studies explore excitations of the quantum Hall fluids that
reside in the second Landau level at levels filling factors such as ν=5/2 and ν=7/3. The
quantum Hall fluids in higher Landau levels are of great current interest for applications
in topologically protected quantum computations. The recent light scattering results will
be evaluated to show how these experiments seek to elucidate the interplay among
competing phases that occur in higher Landau levels.

________
(*) Work supported by the U.S National Science Foundation, by the U.S. Department of
Energy, and by the U.S. Office of Naval Research.
(§) In collaboration with (T.D. Rhone, Y. Gallais, J. Yan, Y. Gallais, L.N. Pfeiffer and
K.W. West)
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Measuring Measurement and Quantitative Entanglement Verification
M. B. Plenio
Institute for Mathematical Sciences, Imperial College London,
53 Prince’s Gates, London SW7 2PG, UK and
QOLS, Blackett Laboratory, Imperial College London,
Prince Consort Road, London SW7 2BW, UK
(Dated: November 7, 2008)
I report on two recent publications: In the first [1] we present a method for the characterization
of the POVM of detection devices and present its experimental implementation in quantum optics.
The second work [2] I address the problem of the quantitative verification of entanglement with
tomographically incomplete sets of measurements.

MEASURING MEASUREMENT

This is collaborative work with J.S. Lundeen, A.
Feito, H. Coldenstrodt-Ronge, K.L. Pregnell, Ch. Silberhorn, T.C. Ralph, J. Eisert, M.B. Plenio, and I.A.
Walmsley.
Measurement connects the world of quantum phenomena to the world of classical events. It plays both a
passive role, observing quantum systems, and an active
one, preparing quantum states and controlling them.
Surprisingly in the light of the central status of measurement in quantum mechanics there is no general
recipe for designing a detector that measures a given
observable. Compounding this, the characterization of
existing detectors is typically based on partial calibrations or elaborate models. Thus, experimental specification (i.e. tomography) of a detector is of fundamental
and practical importance. In [1], we present the realization of quantum detector tomography: we identify
the optimal positive-operator-valued measure describing the detector, with no ancillary assumptions. This
result completes the triad, state, process, and detector
tomography, required to fully specify an experiment.
We characterize an avalanche photodiode (APD) and a
time-multiplexed detector (TMD) allowing for photon
number resolution up to eight photons. This creates a
new set of tools for accurately detecting and preparing
non-classical light.
QUANTITATIVE VERIFICATION OF
ENTANGLEMENT

This is collaborative work with K. Audenaert.
The verification of experimentally created entanglement, especially between distant particles, is an important basic task in quantum processing. When composite systems are subjected to local measurements the
measurement data will exhibit correlations, whether
these systems are classical or quantum. Therefore,
the observation of correlations in the classical measurement record does not automatically imply the presence of quantum correlations in the system under investigation. In [2] we explore the question of when
correlations, or other measurement data, are sufficient
to guarantee the existence of quantum correlations in
the system. We formulate the problem as the funda-
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FIG. 1: Optimal physical POVMs. We present the diagonals of the reconstructed POVMs represented in the
photon-number basis for (a) the photon-number resolving
TMD and (b) the binary APD detector. The TMD POVM
elements were obtained up to basis state |60ih60| (therefore M = 60), but are shown up to |30ih30| for display
purposes. The APD POVM elements are shown in full.
(n)
(n)(rec)
(n)(teo)
Stacked on top of each θi we show |θi
− θi
|
in yellow, where n is the number of clicks, and rec and teo
are the reconstructed and theoretical diagonals of POVM
element, πn . The theoretical TMD and APD models are
described in methods.

mental question: ”What is the entanglement content
of the least entangled quantum state that is compatible with the available measurement data?”. Answering this question provides a guarantee for the minimal
amount of entanglement present in an experiment.
This approach differs from the standard witness
based approach and is in a sense the most general approach providing the most stringent bounds for a given
set of measurement results. Various measurement settings are discussed, both numerically and analytically.
Exact results and lower bounds on the least entanglement consistent with the observations are presented.
The approach is suitable both for the bi-partite and
the multi-partite setting.

[1] J.S. Lundeen, A. Feito, H. Coldenstrodt-Ronge, K.L.
Pregnell, Ch. Silberhorn, T.C. Ralph, J. Eisert, M.B.
Plenio, and I.A. Walmsley, Nature Phys. 4, (2008)
[2] K. Audenaert and M.B. Plenio, New J. Phys. 8, 266
(2006).

Theory of Light Coupled Exciton Polaritons in Nonperiodic Quantum Wells
А. N. Poddubny
Ioffe Physical-Technical Institute, RAS, 26 Polytekhnicheskaya, 194021 St.-Petersburg, Russia
Resonant one-dimensional photonic quasicrystals based on the Fibonacci chain of quantum wells
(QWs) have been theoretically suggested in Ref. [1] and experimentally realized in Ref. [2]. The
interwell distances in such structures take two values represented by segments of the length l (long)
and s (short) and are arranged in Fibonacci sequence, see Figure. The values of l and s are of the order
of of half of the wavelength of light in the material and their ratio l/s equals the golden mean. We focus
on the light propagation in such a layered medium in the frequency region around the resonance
frequency of a two-dimensional exciton in the QW, so that excitonic polaritons are formed.
This work is aimed to further developing the theory proposed in Ref. [1]. The following issues are
addressed:
 Extension of the theory [1] beyond the two-wave approximation. Scaling invariance in the
reflectivity spectra of the Fibonacci QW structures is demonstrated. The Kohmoto-KadanoffTang theory [3] is extended to the case of resonant quasicrystals. The generalized theory allows
us to interpret the scaling invariance established numerically.
 Spatial distribution of the electromagnetic field in Fibonacci QWs. An existence of localized
states.
 Reflection spectra and polaritonic band structure of the non-canonical Fibonacci QWs, where
the ratio l/s can be arbitrary and unequal to the golden mean.
 Spectroscopy of other types of long-range-correlated nonperiodic QW structures, in particular,
Thue-Morse lattices [4].
We acknowledge the support by the RFBR and “Dynasty” foundation-ICFPM.

Schematic illustration of a 6-QW Fibonacci structure, a 5-QW Thue-Morse structure and
an exciton inside a QW.
References
[1]. A.N. Poddubny, L. Pilozzi, M.M. Voronov, and E.L. Ivchenko, Phys. Rev. B 77, 113306 (2008).
[2]. J. Hendrickson, B.C. Richards, J. Sweet, G. Khitrova, A.N. Poddubny, E.L. Ivchenko,
M. Wegener, and H.M. Gibbs, Opt. Express 16, 15382 (2008).
[3]. M. Kohmoto, L.P. Kadanoff, and C.Tang, Phys. Rev. Lett. 58, 2436 (1987).
[4]. Z. Cheng and R. Savit, J. Stat. Phys. 60, 383 (1990).
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Eliminating losses and out-of-plane scattering of surface plasmon polaritons with active metamaterials
Viktor A. Podolskiy*1, J. Elser1, G. Zhu2, M. Mayy2, B. A. Ritzo2, N. Noginova2, M.A. Noginov2
1

Dept. of Physics, Oregon State University, 301 Weniger Hall, Corvallis, OR 97331, USA
*Viktor.Podolskiy@physics.oregonstate.edu
2
Center for Materials Research, Norfolk State University, Norfolk, VA 23504

Plasmonic circuitry is considered be one of the main contenders to resolve the communication bottleneck in intra- and
inter-chip communications. However, efficient implementation of plasmonic circuitry is severely limited by optical
absorption in metals and by out-of-plane scattering of surface waves. Here we discuss the perspectives of coping with these
challenges.
Surface plasmon polaritons (SPPs) are often considered to be the missing link between free-space optics and high-speed onchip electronics[1]. As such, plasmonic circuits are envisioned to occupy the area of short-range (m…mm) optical
communications strongly coupled to electronic circuitry, forming a layer of planar optical circuits performing some
information processing and interfacing optical signals with far-field photonic lines. An ideal plasmonic circuit should: (i)
support SPPs with sufficiently long propagation length, and (ii) be uncoupled (or controllably coupled) to the free-space
radiation. Unfortunately, existing plasmonic circuits are far from ideal. The typical propagation length of SPPs in planar
surface structures is of the order of 50 m[1]. Moreover, each interface in a plasmonic circuit introduces (10...30%)
scattering of into free-space modes[2]. Here we present experimental evidence of compensation of plasmonic losses with
gain in adjacent dielectric and present the approach to eliminate out-of-plane scattering of SPPs with material anisotropy.
The principal possibility of compensation of plasmonic loss with optical gain has been suggested in [3] and partial
compensation of loss has been reported in [4]. Here we report experimental evidence of stimulated emission of SPPs,
corresponding to complete compensation of losses. Schematic of experiment is shown in Fig.1a. The layer of Rhodamin
6G-doped PMMA is deposited on top of thin metal film, which in turn is deposited onto the glass prism. The SPPs, excited
via emission of R6G, decouple into the prism. Fig.1c shows the intensity of the decoupled SPP as the function of pumping
intensity. The threshold corresponding to the onset of stimulated emission is clearly seen [5].
To eliminate out-of-plane scattering of SPPs we propose to use anisotropic systems. It can be shown[6] that it is possible
to properly design surface guiding structures so that the effective modal index of SPP can be controlled independently of
mode profile. In particular, ideal non-scattering plasmonic circuit should be composed from the set of uniaxial anisotropic
metamaterials with optical axes perpendicular to common plane of SPP propagation. Furthermore, only the component of
dielectric permittivity parallel to optical axis should be varied across plasmonic circuit. Under these conditions, the out-ofplane scattering of SPPs can be completely eliminated and laws of truly plasmonic (non-scattering) optics can be mapped to
Snell’s law and Fresnel equations of 3D optics[6].

Fig.1. (a) Schematics of SPP emission process; Spectra (b) and input-output characteristics (c) of SPP emission[5]; (d) emission threshold as a function of
the angle of emission; (e) out-of-plane scattering of SPP in a conventional plasmonic circuit [4]; (f) schematics of truly plasmonic optical circuit; (g)
Fresnel coefficients in circuit in (f); dots: numerical simulations; lines: analytical results; (h) scattering of SPPs in almost-ideal plasmonic system[6];

This research is partially supported by NSF (grants #DMR-0611430, #HRD-0317722, # EEC-0228390, #ECCS-0724763),
ONR (grant #N00014-07-1-0457), NASA URC grant # NCC3-1035, and ARO
[1]
[2]
[3]
[4]
[5]
[6]

H. Raether, Surface Plasmons, Springer, (Berlin, 1988); M.I. Stockman, Phys. Rev. Lett., 93, 137404 (2004); A. Karalis, et. al., Phys. Rev. Lett. 95,
063901 (2005). S.I. Bozhevolnyi, et.al. Nature, 440, 508 (2006); S.I. Bozhevolnyi, et.al., Phys. Rev. Lett, 89, 186801 (2002); S. A. Maier et al., Nat.
Mat. 2, 229 (2003), R. Zia, M.L. Brongersma, Nat. Nanotech., 2(7) 426, 2007, Z. Liu, et.al., Appl.Phys.Lett., 88, 171108 (2006)
A. N. Sudarkin, and P. A. Demkovich, Sov. Phys. Tech. Phys. 34, 764-766 (1989)
J. Seidel, S. Grafstroem, and L. Eng, Phys. Rev. Lett. 94, 177401 (2005), M. A. Noginov, et.al., Opt. Express 16, 1385-1392 (2008)
R.F. Oulton, D.F.P. Pile, Y. Liu, X. Zhang, , Phys.Rev.B 76, 035408 (2007)
M.A. Noginov, G. Zhu, M.F. Mayy, B. A. Ritzo, N. Noginova, and V.A. Podolskiy, Phys.Rev.Lett. 101, 226806 (2008)
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Hypergratings: nanophotonics in planar anisotropic metamaterials
Viktor A. Podolskiy*, Sukosin Thongrattanasiri
Dept. of Physics, Oregon State University, 301 Weniger Hall, Corvallis, OR 97331, USA
*Viktor.Podolskiy@physics.oregonstate.edu

We propose a technique for sub-diffractional focusing in the far field of optical elements. The method combines
subwavelength analogs of Fresnel lenses and planar anisotropic metamaterials, used to generate and propagate subdiffractional information, respectively.
The progress of sensing, imaging, and optical communications is strongly interrelated with the ability to manipulate and
focus optical signals with ever increasing resolution [1-3]. Unfortunately, the majority of existing superfocusing techniques
are fundametally limited to the near-field proximity of an optical element. The few techniques that do provide the possibility
of far-field sub-diffraction light manipulation require fabrication of 3D nanostructrures. Here we develop the formalism for
far-field sub-diffraction light manipulation with planar anisotropic metamaterials.
The propagation of the optical radiation through a homogeneous (meta-)material can be related to the propagation of the
individual plane waves. For uniaxial media, the propagation of an individual plane wave is governed by the dispersion
relation:
k 2x +k 2y
ϵz

+

𝑘 𝑧2
𝜖 𝑥𝑦

=

ω2
c2

(1)

with 𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 being the components of the wavevector, 𝜔 being the frequency, 𝑐- speed of light, and 𝜖𝑧 , 𝜖𝑥𝑦 being the
components of dielectric permittivity along and perpendicular to the optical axis of the material. The size of the smallest
focal point achievable in a material can then be related to the dynamics of the waves with relatively large (in comparison to
𝜔/𝑐 = 2𝜋/𝜆) transverse components of the wavevector[4]. In isotropic media subwavelength focal spots (corresponding to
𝑘𝑥2 + 𝑘𝑦2 ≫ 𝜔2 /𝑐 2 ) are achievable only in the near-field proximity of the optical element [1,3].
The situation is dramatically changed in materials with extremely strong anisotropy of dielectric permittivity (𝜖′𝑥𝑦 ∙
𝜖′𝑧 < 0) which support propagating high-wavevector-number modes [2,5]. A number of metamateials with required
anisotropy of dielectric permittivity has been theoretically suggested and experimentally realized in recent years[5].
Planar structures are widely used in Fresnel optics where amplitude and phase masks are utilized to shape the incoming
wavefront at the single plane. In hyper-optics, Fresnel-type gratings can potentially generate high-wavenumber components
with pre-defined phase distributions and planar plasmonic metamaterials can be then utilized to confine the resulting
wavepackets into deep subwavelength spots. Since these systems utilize the benefits of both diffraction gratings and of
hyperbolic dispersion relation, we propose to call them hypergratings[7]. Examples of simple hypergratings with resolution
ranging from 𝜆/20 to 𝜆/50 for near- and long-wave-IR frequencies are shown in Fig.1(g-j).

Fig.1. The propagation of a wavepacket in isotropic material (a,d), in plasmonic nanowire structure (b,e), and in plasmonic nanolayer structure (c,f);
propagation in real space (a-c) and evolution of spectra (d-f) are shown; angle 𝜃 corresponds to half-apex angle of critical cones [6,7]; the product 𝑆𝑇
stands for transfer function of the system as related to 𝑘𝑥 = 0 component at 𝑧 = 0; (g-i) examples of sub-wavelength focusing in nanowire (g,i) and
nanolayer (h,j) metamaterials
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Monitoring of DNA molecules in a lab on a chip with
femtosecond laser written waveguides
M. Pollnau,1 C. Dongre,1 R. Dekker,1 H.J.W.M. Hoekstra,1
R. Martinez-Vazquez,2 R. Osellame,2 R. Ramponi,2 G. Cerullo,2
R. van Weeghel,3 G.A.J. Besselink,4 and H.H. van den Vlekkert4
1

Integrated Optical MicroSystems (IOMS), MESA+ Institute for Nanotechnology,
University of Twente, PO Box 217, 7500 AE Enschede, The Netherlands
2
Istituto di Fotonica e Nanotecnologie del CNR, Dipartimento di Fisica,
Politecnico di Milano, Piazza Leonardo da Vinci 32, 20133 Milan, Italy
3
Zebra Bioscience BV, W. Beversstraat 185, 7543 BK Enschede, The Netherlands
4
LioniX BV, PO Box 456, 7500 AH Enschede, The Netherlands
Using femtosecond laser writing, optical waveguides were monolithically integrated into a commercial
microfluidic lab-on-a-chip device, with the waveguides intersecting a microfluidic channel [1,2].
Continuous-wave laser excitation through these optical waveguides confines the excitation window to a
width of 12 μm, enabling high-resolution monitoring of the passage of different types of fluorescent
analytes, when migrating and being separated in the microfluidic channel by microchip capillary
electrophoresis. We demonstrate on-chip-integrated waveguide excitation and detection of a
biologically relevant species, fluorescently labeled Deoxyribonucleic acid (DNA) molecules (Fig. 1a),
as well as separation of different dyes, Rhodamine-6G and Rhodamine-B (Fig. 1b) during microchip
capillary electrophoresis [3]. Well-controlled plug formation as required for on-chip integrated
capillary electrophoresis separation of DNA molecules, and the combination of waveguide excitation
and a low detection limit will enable monitoring of extremely small quantities with high spatial
resolution.

Fig. 1. Passage in a microfluidic channel, and across an excitation waveguide, of (a)
fluorescently labeled DNA plugs and (b) fluorescent dyes Rhodamine-6G and Rhodamine-B

References
[1] R. Martinez Vazquez, R. Osellame, D. Nolli, C. Dongre, H.H. van den Vlekkert, R. Ramponi, M. Pollnau, G. Cerullo,
Lab Chip, accepted for publication (2008).
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Trapping Light in Optical Microcavities via Dynamic Tuning
Michelle L. Povinelli1,2, Clayton Otey2, Sunil Sandhu2, and Shanhui Fan2
[1] Ming Hsieh Department of Electrical Engineering, University of Southern
California
[2] Ginzton Laboratory, Stanford University
The ability to slow down, stop, and trap light pulses on chip is intriguing both
as a matter of fundamental interest and for potential applications in all-optical
information processing. We present recent theoretical results on the use of
dynamic tuning of coupled microcavity systems for stopping and storing light
pulses.
In multiple-resonator systems, previous work has shown that dynamic tuning
of the microcavity resonance frequencies via refractive-index tuning can be
used to delay pulses without dispersion and eliminate the bandwidth-delay
product constraints found in static systems. We describe our work using the
alternative mechanism of loss modulation for light stopping [1]. We
demonstrate via numerical simulations that increasing the loss of selected
resonators traps light in a zero group velocity mode concentrated in the lowloss portions of the delay line. The large dynamic range achievable for loss
modulation should increase the light-stopping bandwidth relative to indextuning schemes.
Second, we explore pulse trapping in few-microcavity systems that are more
amenable to microfabrication. We use coupled-mode theory to design a
method for determining the optimal tuning profile in time. The results show
that pulses can be captured almost completely, with arbitrarily small reflected
power. Current technology should allow for capture of pulses with 100ps
widths, with storage times limited only by the cavity loss rate.
[1] S. Sandhu, M. L. Povinelli, and S. Fan, Optics Letters 32, 3333 (2007).
[2] C. Otey, M. L. Povinelli, and S. Fan, in press.
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Single-Photon Cooling to the Limit of Trap Dynami s: Maxwell's Demon Near
Maximum E ien y
Gabriel N. Pri e, S. Travis Bannerman, Kirsten Viering, and Mark G. Raizen
Center for Nonlinear Dynami s and Department of Physi s,
The University of Texas at Austin, Austin, Texas 78712, USA

Abstra t: We demonstrate a general and e ient informational ooling te hnique for atoms
whi h is an experimental realization of Maxwell's Demon. The te hnique transfers atoms from a
magneti trap into an opti al trap via a single spontaneous Raman transition whi h is dis riminatively driven near ea h atom's lassi al turning point.

The intrinsi onne tion between information and thermodynami entropy was rst re ognized by Leo
Szilard in a landmark paper in 1929 [1℄ and has sin e be ome a ornerstone of modern information s ien e.
Szilard introdu ed this on ept to resolve the apparent violation of the se ond law of thermodynami s in a
thought experiment known as Maxwell's Demon [2℄. A key predi tion was that information an be used to
redu e the entropy of a gas of parti les.
Re ently we proposed the on ept of a one-way wall for atoms and mole ules and showed how it an be used
for ooling [3℄. Our group used these prin iples to a umulate atoms from a magneti trap into an opti al
trap and we reported ooling and phase-spa e ompression [4℄. We all this method "single-photon ooling"
be ause ea h atom s atters only one photon on average for a nearly omplete redu tion of kineti energy in
one dimension.
Here we demonstrate a general ooling te hnique for trapped atoms limited only by the dynami s of the
initial trap [5℄. We develop a simple analyti al model to predi t the e ien y of transfer between the traps
and provide eviden e that the performan e is limited only by parti le dynami s in the magneti trap. Transfer
e ien ies up to 2.2% are reported. We show that e ien y an be traded for phase-spa e ompression, and
we report ompression up to a fa tor of 350.
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Dynamics of vector solitons in two-species atomic
condensate
Han Pu (Rice University)
November 17, 2008
The mean-ﬁeld dynamics of a one-dimensional two-species BEC is governed
by the following equations:
∂ψ1
2 ∂ 2
= [−
+ V1 + U11 |ψ1 |2 + U12 |ψ2 |2 ]ψ1 ,
∂t
2m1 ∂x2
2 ∂ 2
∂ψ2
= [−
i
+ V2 + U21 |ψ1 |2 + U22 |ψ2 |2 ]ψ2 ,
∂t
2m2 ∂x2

i

where Uii = 4π2 aii /mi and U12 = U21 = 2π2 a12 /m represent intra- and
inter-species interaction strengths respectively.
We show that this coupled nonlinear equation supports a special class of
exact vector-soliton solution in the absence of the trapping potential (i.e., V1 =
V2 = 0) even when the system is non-integrable (e.g., for arbitrary atomic masses
and interaction strengths). Which types of vector soliton (dark-dark, darkbright, or bright-bright) the system will support depends on the mass ratio
m1 /m2 and the interaction strengths Uij . Furthermore, diﬀerent types of vector
solitons may be converted to each other by varying the interaction strength via
Feshbach resonance. An example is shown in Fig. 1.
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Figure 1: Conversion between bright-bright (BB) and bright-dark (BD) vector
solitons. The left and middle plots represent the density proﬁles of the ﬁrst and
second species, respectively. The right plot shows the variation of the interspecies interaction strength U12 . Initially, a BD vector soliton is prepared. U12
is then lowered before it is restored to the initial value. The BD soliton ﬁrst
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Maxwell's Demon near Maximal Efficiency
Mark G. Raizen
Center for Nonlinear Dynamics and Department of Physics,
The University of Texas at Austin, Austin, TX 78712
Abstract: The method of laser cooling has opened the door to low temperature physics of
dilute gases. Despite the great success of this method, it has been limited to a very small
set of atoms in the periodic table and no molecules. I will describe in this talk a new
approach to cooling that was developed by my group and promises to have great
generality. The starting point is the concept of a "one-way wall" for atoms and molecules
using light, as proposed by us in 2005. We have implemented this idea experimentally
and show how it can cool a cloud of atoms from a magnetic trap into an optical tweezer.
We show that this method is an exact experimental realization of informational cooling,
as first proposed by Leo Szilard in 1929 in an effort to resolve the paradox of Maxwell's
demon. We also find that our "Demon" is maximally efficient, with one photon scattered
on average for each atom that is trapped near-rest in the tweezer. We have now realized
maximum efficiency in the fraction of atoms that can be cooled, making it into a practical
and useful method. In parallel, we have developed a general method to trap any
paramagnetic atom or molecule using a supersonic beam and pulsed magnetic fields. The
combination of these two methods provide a two-step solution that will work on most of
the periodic table and many molecules. I will conclude by discussing some exciting
applications of these methods to basic science.
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Bose-Einstein Condensation in Microgravity
Ernst-Maria Rasel for the QUANTUS Team
Leibniz Universität Hannover, 30167 Hannover, Germany

rasel@iqo.uni-hannover.de

Quantum matter gives unique insights into a broad range of phenomena in fundamental physics as well as it
offers interesting prospects for novel quantum sensors. Reaching ever-new frontiers in low temperature physics
and achieving full control of these elementary quantum systems were part of the central motivations for
research on cooling and manipulation of atoms. The breaking of temperature records opened the way to many
new scientific achievements, like atom interferometers and atomic clocks with highest accuracy, novel phase
transitions or atom lasers. It is interesting to speculate if quantum degenerate gases will be of advantage for
metrological applications. The perfect control of the external degrees of freedom is mandatory for a better
control of systematic errors.
Microgravity can extend the science of quantum gases towards inaccessible regimes of lowest temperatures
below picokelvins, macroscopic dimensions, and unequalled durations of the unperturbed evolution of these
distinguished quantum objects. These conditions set the stage for the study of the physics of ultra-dilute gases
and giant matter-waves and the control of these macroscopic quantum objects and mixtures in an environment
unbiased by gravity. In particular, microgravity is of high relevance for matter-wave as it permits the extension
the unperturbed free fall of these test particles in a low-noise environment. This is a prerequisite for
fundamental tests in the quantum domain such as the equivalence principle or the realisation of ideal reference
systems. The QUANTUS team, formed by a consortium of the Leibniz University of Hanover, the University of
Hamburg, Berlin, Ulm and ZARM as well as the Max-Planck Institute and ENS, realised a compact facility to
study a Rubidium Bose-Einstein Condensate in the extended free fall at the drop tower in Bremen and during
parabolic flights. The facility will permit to study the generation and outcoupling of BEC in microgravity, the
study of decoherence and atom interferometry. The remote controlled and miniaturised facility, which produces
Bose-Einstein condensates of Rubidium, is in operation since November 2007.
The QUANTUS –Team is formed by the LUH, Univ. of Hamburg/Univ. of Birmingham, MPQ/ENS,Univ. Ulm,
AvH zu Berlin.

The project is funded on behalf of the BMWI on the grant number DLR 50 WM 0346.
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The role of quantum coherence in excitonic energy transfer in photosynthetic complexes
Patrick Rebentrost,1 Masoud Mohseni,1 Seth Lloyd,2 and Alán Aspuru-Guzik1
1
Department of Chemistry and Chemical Biology,
Harvard University, 12 Oxford St., Cambridge, MA 02138
2
Department of Mechanical Engineering, Massachusetts Institute of Technology,
77 Massachusetts Avenue, Cambridge MA 02139

Energy transfer within photosynthetic systems can display quantum effects such as delocalized excitonic transport. Recently, direct evidence of long-lived coherence has been experimentally demonstrated for the dynamics
of the Fenna-Matthews-Olson (FMO) protein complex [Engel et al., Nature 446, 782 (2007)]. However, the contribution of quantum coherence and the phonon bath to the exciton transfer efficiency is not yet fully understood.
In this work, we develop theoretical measures that elucidate excitonic transport and quantify the importance of
coherent evolution, Markovian and non-Markovian decoherence, and spatial relaxation pathways. For the FMO
protein complex we obtain an effective contribution of coherent dynamics of about 10%.
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EPR, Steering and Bell inequalities
M. D. Reid, Q. He
Centre of Excellence in Quantum-Atom Optics, Swinburne University of Technology, Melbourne,
Australia
E. G. Cavalcanti, S. J. Jones and H. M. Wiseman
Centre for Quantum Dynamics, Griffith University, Brisbane, Australia
The EPR “paradox” [1] has had a profound influence on the field of quantum information science. EPR revealed that
for some entangled states, there is incompatibility between local realism (LR) and the completeness of quantum
mechanics. Despite its influence, relatively little has been done so far to explore and fully define criteria for the EPR
paradox. Schrödinger in his response to EPR discussed their no action-at-a-distance postulate in terms of “steering”,
that one observer can apparently influence the results of another at a remote location.
In short, three types of “quantum nonlocality” have received much citation: these are failures of LR (“Bellnonlocality”), the EPR paradox (“EPR-nonlocality”) and entanglement itself. For mixed states, Bell-nonlocal states
are a subset of all entangled states. Recently, Wiseman et al. [2] have defined an intermediate class of entangled
states, called steerable states, and proposed that these states are closely linked to the EPR paradox.
In this paper, we fully develop the link between the EPR paradox and steering, to confirm a hierarchy of nonlocal
states which exhibit increasingly significant, yet difficult to achieve, inconsistencies with LR. These are entangled,
EPR-steerable states, and Bell-nonlocal states. Most generally, the EPR paradox occurs when the validity of local
realism implies an incompleteness of quantum mechanics. We present the extended definition of local realism used
by Bell [3] and CHSH [4] that allows for stochastic predictions of hidden variables, and thus derive the most general
condition for which this incompatibility can be realized. This condition is equivalent to that derived by Wiseman et
al. [2] for steering, and is based on the original situation of the EPR argument, involving an asymmetric use of LR,
that one party (Alice) infers the state of another (Bob) [5,6]. By extending the argument further, we establish the
condition for N-partite EPR-steerable states.
Based on this new framework, we derive new experimental criteria for steering and EPR-nonlocality. In particular,
we present two nonlocality criteria sets, in which entangled, EPR-steerable and Bell-nonlocal states are demonstrable
by degree, through one set of measurements, but with a different threshold for each level of non-locality. The criteria
extend to multipartite situations, and apply to both continuous and discrete variable systems, reducing to the moment
Bell inequalities of Mermin [7] and Cavalcanti et al. [8] in a special case.
The concept of EPR and steering nonlocalities has intriguing applications. The usefulness of the criteria is apparent
for asymmetric observers, where Bob and Alice wish to confirm that they share an entangled state. If Bob cannot
trust Alice, he can be convinced of entanglement if and only if she demonstrates EPR-nonlocality/ steering with
respect to his system [2].
[1] A. Einstein, B. Podolsky and N. Rosen, Phys. Rev. 47, 777 (1935).
[2] H. M. Wiseman, S. J. Jones and A. C. Doherty, Phys. Rev. Lett. 98,140402 (2007).
[3] J. S. Bell, Physics 1, 195 (1964).
[4] J. F. Clauser, M. A. Horne, A. Shimony and R. A. Holt, Phys. Rev. Lett. 23, 880, 1969.
[5] M. D. Reid, Phys. Rev. A 40, 913 (1989).
[6] E. G. Cavalcanti and M. D. Reid, Journ. Mod. Opt. 54, 2373 (2007). E. G. Cavalcanti, P. D. Drummond, H. A.
Bachor and M. D. Reid, quant-ph 0711.3798.
[7] N. D. Mermin, Phys. Rev. Lett. 65, 1838 (1990).
[8] E. G. Cavalcanti, C. J. Foster, M. D. Reid and P. D. Drummond, Phys. Rev. Lett. 99, 210405 (2007).
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AFM studies of surface grating formation in MBE-grown
InGaAs/GaAs multiple quantum well structures
B. C. Richards1*, J. Hendrickson1, J. Sweet1, J. D. Olitzky1, G. Khitrova1, D. Litvinov2, D. Gerthsen2, B.
Myer1, S. Pau1, D. Sarid1, M. Wegener3, E. L. Ivchenko4, A. N. Poddubny4, and H. M. Gibbs1
1

College of Optical Sciences, The University of Arizona, Tucson, AZ 85721
2
Laboratorium für Elektronenmikroskopie, Universität Karlsruhe (TH)
Wolfgang-Gaede-Strasse 1, D-76131 Karlsruhe, Germany
3
Institut für Angewandte Physik, Universität Karlsruhe (TH)
Wolfgang-Gaede-Strasse 1, D-76131 Karlsruhe, Germany
4
A. F. Ioffe Physico-Technical Institute, 194021 St. Petersburg, Russia
*E-mail: brichards@optics.arizona.edu

We report on our studies by atomic force microscopy (AFM) of the surface morphology of our MBE-grown
InGaAs/GaAs multiple quantum well (MQW) structures.1 We have discovered an instability that leads to the
development of a microscopic, self-organized surface grating that forms during the growth of nonperiodic
InGaAs/GaAs MQW samples. The effect was discovered when we attempted to grow a sample where the quantum
wells were separated by barriers of unequal length arranged in a Fibonacci sequence. Such structures are predicted
to exhibit interesting resonant excitonic-polaritonic effects2, and indeed such effects were observed in the case of
Fibonacci-spaced GaAs/AlGaAs QWs.3 However, the sample with the surface grating exhibited a broadening of the
absorption linewidth of the heavy-hole exciton transition by a factor of five compared to the periodic case, hence
obscuring the resonant effects we wished to see.
Our periodic InGaAs/GaAs MQW samples are ordinarily of very high quality and have a vertical rms surface
roughness measured by AFM of less than 1 nm. Figure 1 shows a 100 μm2 AFM image of a typical MQW sample
(FIB1) with ten equally spaced InGaAs/GaAs QWs. In contrast, our Fibonacci-spaced MQW samples showed
vertical rms surface roughness of up to 40 nm. Figure 2 shows a 100 μm2 AFM image of a Fibonacci spaced MQW
sample (FIB3) containing 56 QWs.

Fig. 1. AFM image of a 10 QW sample (FIB1)
showing a flat surface, with rms surface roughness of
0.63 nm.

Fig. 2. AFM image of FIB3 showing the dramatic
surface structure, with rms surface roughness of 38.5
nm and average period 800 nm.

We grew several samples in attempts to eliminate the growth instability, varying the number of QWs and
changing growth conditions. We sometimes observed the surface structure on periodic QW samples, showing that
the instability can also be manifested without unequal barriers. However, we always observed the surface grating
when unequal barriers were used, and in those cases the grating was also deeper and showed longer-range order than
in the cases with equal barriers. The number N of QWs grown affects the periodicity and amplitude of the surface
wave, with the highest N samples, such as the one shown in Fig. 2, having the lowest frequency and highest
amplitude gratings. We compare our AFM results with TEM and SEM measurements.
The Tucson group acknowledges support from AFOSR and NSF.
References

1. B. C. Richards, J. Hendrickson, J. Sweet, G. Khitrova, D. Litvinov, D. Gerthsen, B. Myer, S. Pau, D. Sarid, M. Wegener, E. L. Ivchenko, A. N.
Poddubny, and H. M. Gibbs, Optics Express, to be published.
2. A. N. Poddubny, L. Pilozzi, M. M. Voronov, and E. L. Ivchenko, Phys. Rev. B 77, 113306 (2008)
3. J. Hendrickson, B. C. Richards, J. Sweet, G. Khitrova, A. N. Poddubny, E. L. Ivchenko, M. Wegener, and H. M. Gibbs, Opt. Express 16,
15382 (2008)
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Applications of quantum cascade lasers in chemical kinetics and dynamics
Dr Grant Ritchie
Department of Chemistry, The Physical and Chemistry Laboratory,
The University of Oxford, South Parks Road, Oxford, UK, OX1 3QZ
e-mail: grant.ritchie@chem.ox.ac.uk
Pulsed quantum cascade lasers (QCLs) are becoming increasingly popular sources for high resolution molecular
spectroscopy given their increasingly high output powers and near room temperature operation. Current pulsing
induces rapid Joule heating and leads to the spectral output of these devices changing rapidly in time [1]. These
frequency chirps have typical rates of ca. 100 MHz / ns and ranges of ca. 1 cm-1 and allow the nascent products from
gas phase photodissociation and their subsequent relaxation kinetics to be probed. In this contribution, time resolved
measurements on the CF3 radical from the photolysis of CF3I at 266 nm will be presented [2].
Using these rapidly swept laser sources opens up the possibility of observing rapid passage effects in infrared spectra
whereby the chirp rates far exceeds the timescale for collisional dephasing. For example, the figure below shows the
rapid passage signals observed using a pulsed QCL operating at 8 µm and propagating in a 20m pathlength within a
White cell containing various pressures of N2O. Individual spectra clearly show lineshapes that have both absorption
and emission components characteristic of rapid passage, while a clear delay in the rapid passage signal as a function
of N2O pressure is observed[3]. Further examples of such behaviour for a selection of other molecules will be
presented.

Figure 1: Delayed rapid passage structures obtained with a minimally damped optically thick sample.
References
[1] M.T. McCulloch, E.L. Normand, N. Langford, G. Duxbury, D.A.J. Newnham, J. Opt. Soc. Am. B, 20, 1761 (2003).
[2] G. Hancock, S.J. Horrocks, G.A.D. Ritchie, J.H. van Helden, R. Walker, J. Phys Chem. A., 112, 9751 (2008)
[3] G. Duxbury, N. Langford, K. Hay, J. Mod. Opt. 55 (2008); G. Duxbury (private communication).
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Phase-coherent injection-seeded soft x-ray lasers
J.J. Rocca, Y. Wang, M. Berrill, F. Pedaci , E. Granados, B. M. Luther, D. Alessi
NSF ERC for Extreme Ultraviolet Science and Technology, Colorado State University.
Fort Collins, CO 80523. e-mail: rocca@eng.colostate.edu
Abstract: Injection-seeding of table-top plasma-based soft x-ray amplifiers is shown to result
in intense fully coherent soft x-ray laser pulses with very low divergence, unmatched monochromaticity, and ~ 1 ps duration, at wavelengths down to 13.2 nm.
Both plasma-based soft x-ray lasers (SXL) and SXR free electron lasers have been traditionally self-seeded by
spontaneous emission noise. The amplification of the random uncorrelated phase wavetrains in these SXL amplifiers
results in poor temporal coherence. Plasma-based self-seeded SXL also have limited spatial coherence.
In recent experiments we have realized the demonstration of table-top SXL with essentially full spatial and
temporal coherence, low divergence, and ~ 1 ps pulse width, injection seeding plasma amplifiers with high harmonic
pulses [1-3]. Gain-saturated laser pulses were produced in dense plasmas created by laser irradiation of solid targets
by amplifying high-harmonic seed pulses in the 18.9-nm, 13.9-nm and 13.2 nm transitions of nickel-like Mo, Ag,
and Cd ions respectively. Model simulation suggest that injection-seeding of denser plasma amplifiers will result
in fully coherent femtosecond table-top soft x-ray lasers.

Figure 1: (a) Schematic representation of injection seeded soft x-ray laser ; (b) Spectra of unseeded 13.9 nm Ni-like Ag laser,c) spectra of HH
seed pulse, d) spectra of seeded 13.9nm Ni-like Ag laser. The 4 mm long Ag plasma amplifier was pumped by a 0.9 J short optical laser pulse

The coherent soft x-ray light produced by these new compact SXLs offers new scientific opportunities in small
laboratory environments.
This work was supported by the NSF ERC for Extreme Ultraviolet Science and Technology under NSF
Award EEC-0310717.
References
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33, 491, (2008).
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Atomic coherence excited by off-resonant strong laser pulses:
theory and experiment and the role of absolute phase
1

Yuri V. Rostovtsev1

Institute for Quantum Studies and Department of Physics,
Texas A&M University, TX 77843
(Dated: December 9, 2008)

We study dynamics of a two-level system driven by a strong off-resonant electromagnetic field
and derive an analytical solution for arbitrary pulse shape. We discuss possible applications and
presented experimental demonstration of the results obtained.
PACS numbers: 32.80.Qk, 42.65.Dr, 42.50.Hz

In this talk we consider a two-level atomic system
under the action of a far-off resonance, strong, ultra
short, pulse of laser radiation.

dc magnetic to split levels and a RF magnetic field
to drive atomic transitions (see Fig. 2a). Initially,
we have optically pumped the atomic population
into state |g, F = 1, m = +1i, and then we ap-

(a)

FIG. 1: (a) Time dependence of population in level C
2
for the Gaussian Ω(t) = Ω0 e−(αt) pulse. Curve (1) corresponds to the linear solution of Eq.(4); (2) and (3)
are the solutions of Eqs.(2,3) for RWA and exact for
ν/ωcd = 1/3. (b) Population left in the upper level |ci
after applying Gaussian pulse as a function of the pulse
frequency ν obtained for linear solution given by Eq.(4)
– curve (1), RWA – curve (2), and exact – curve (3). In
calculations we take α = 0.08ωc and Ω0 = 0.02ωc (for
RWA) and Ω0 = 0.04ωc (for exact solution).

A main result of the present paper is a new
analytical treatment of the detuned atom-field interaction (beyond the rotating wave approximation
(RWA)). In particular, we show that intense ultrashort pulses can excite remarkable coherence on high
frequency far-detuned transitions. This coherence
holds promise for various applications, e.g. a new
approach to the generation of XUV radiation.
We report the results of the experiments performed. The idea of implementation is to use a
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(b)
FIG. 2: (a) Level structure of Rb atomic system. All
population optically pump in |F = 1, m = +1i. (c)
Experimentally observed excited population vs the ratio
ν
for the Gaussian pulse.
ω
cd

ply the ultra-short strong drive pulse. The populaiton excited to states |g, F = 1, m = 0i and
|g, F = 1, m = −1i is measured by absorption of
the optical radiation. The observed experimental results for linear and circular polarizations of the drive
pulse are shown in Fig. 2b. One can see that the results look similar to the theoretical plots shown in
Fig. 1b, even though the system has three levels. We
can see that the experiments support our theoretical
results.
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The Compact Light Source: A miniature synchrotron
producing x-rays via inverse Compton scattering
with an IR photon pulse stored a high finesse cavity.
Ronald D. Ruth, Jeffrey Rifkin and Rod Loewen
Lyncean Technologies, Inc., Palo Alto, CA 94306
Telephone: 650-320-8300, Fax: 650-320-9513. www.lynceantech.com

The Compact Light Source concept was first developed as a spin off from work at Stanford
Linear Accelerator Center towards very small electron storage rings for beam cooling in
linear colliders.[1] Later, further research at SLAC explored the viability of a miniature
storage and high finesse cavity optimized for the hard x-ray regime.[2] These early studies
led to the formation of a corporation, Lyncean Technologies, Inc., which developed the
Compact Light Source (CLS) design in 2002-2003 and began construction of the CLS
prototype in 2003 [3]. The CLS is designed to be a near-monochromatic, tunable, homelabsize x-ray source with up to three beamlines that can be used like the x-ray beamlines at the
synchrotrons--but it is about 200 times smaller than a conventional synchrotron light source.
The compact size is achieved using a “laser undulator” and a miniature electron-beam storage
ring. In other words, the x-rays are produced via inverse Compton scattering of electrons
stored in a miniature storage ring interacting with an IR photon pulse stored in a high-finesse
cavity. The CLS is designed to produce a photon flux on sample that is comparable to
highly-productive synchrotron beamlines. This presentation will first introduce the basic
principles of the Compact Light Source. The construction of the production-prototype CLS,
funded by the NIGMS Protein Structure Initiative, is complete, and the commissioning,
upgrades and testing phase of the CLS prototype are well advanced. The second CLS is under
construction as part of the second round of the Protein Structure Initiative.[4] The
presentation will show details of the injector, the linac, the storage ring and the laser/cavity
system. Next, detailed measurements of the luminous spot size of the x-ray beam will be
compared with theoretical estimates of size and flux. Finally, we will conclude with the
results of imaging, tomography and diffraction experiments using the prototype CLS.
References
1. Z. Huang and R. D. Ruth, "Laser-Electron Storage Ring”, Phys. Rev. Lett., 80:976-979, 1998.
2. R. Loewen, Ph.D. Dissertation: “A compact light source: design and technical feasibility study of a laser
electron storage ring x-ray source,” R.J. Loewen, SLAC/Stanford University, SLAC-R-632 (2003).
3. Supported by the National Institute of General Medical Sciences, the National Institutes of Health, R44
GM66511 and R44 GM074437.
4. The Accelerated Technology Center for Gene to 3D Structure (ATCG3D) supported by PSI II, the National
Institute of General Medical Sciences and the National Center for Research Resources, NIH, 5U54
GM074961.
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Directional Emission of X-rays from Rotating Matter:
The Nuclear Lighthouse Effect
Ralf Röhlsberger
Deutsches Elektronen Synchrotron DESY, Notkestr. 85, 22607 Hamburg, Germany

The pulsed excitation of an ensemble of resonant nuclei with x-rays creates a collectively
excited state (the ’nuclear exciton’) that decays via directional spontaneous emission.
With the sample at rest, this leads to delayed nuclear forward scattering, which can be
considered as the time-based analogue of classical Mössbauer spectroscopy.
An interesting situation is encountered if the sample is rotating very fast. Then the
nuclear exciton rotates with the material, and in the laboratory frame its radiative decay
appears to be deflected from the forward direction. As a result, the time evolution of the
collective nuclear decay is mapped to an angular scale, as shown schematically in Fig. 1.
Due to the apparent analogy with a sweeping ray of light, this effect was called the
’Nuclear lighthouse effect’ [1,2]. In case of the 14.4 keV resonance of 57Fe with a
lifetime of 141 ns, rotational frequencies of more than 10 kHz are used to observe the
effect. Then the nuclear decay can directly be recorded on an imaging plate, as shown in
Fig. 2 [3].
The nuclear lighthouse effect opens exciting perspectives for high-resolution spectroscopy that are not possible with conventional techniques. For example, the resonantly
scattered photons can be Doppler shifted over several meV, thus providing the basis for
inelastic x-ray spectroscopy with μeV resolution.

ϕ
sample

k0

Ω

k(t)
y

Fig. 1: The nuclear lighthouse effect: The
temporal evolution of the radiative nuclear
decay is mapped to an angular scale [1,2].

Fig.2: Image plate picture of the spatial
distribution of photons scattered from a
57
Fe foil spinning at 10 kHz [3].
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E. Burkel, O. Leupold, and E. Gerdau, Phys. Rev. Lett. 84, 1007 (2000).
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Computing exponential sums with a Bose-Einstein
condensate
Mark Sadgrove1, Sanjay Kumar2, Ken'ichi Nakagawa1,2
1

2

CREST, Japan Science and Technology Agency
Institute for Laser Science, University of Electro-communications, Tokyo

We present a new method to compute exponential sums using a Bose-Einstein
condensate (BEC) in an optical lattice setting. Exponential sums have a number of
important number theoretic and practical applications. Foremost amongst these is
the Gauss sum method for factoring numbers [1] and the discrete Fourier transform,
the quantum version of which is at the heart of Shor's famous quantum factoring
algorithm [2].
Our technique provides an elegant way to compute exponential sums by
analysing the diffraction pattern formed by a BEC after exposure to a phase-shifted
light grating (i.e. standing wave or optical lattice). We focus on the truncated
Gauss sum algorithm to demonstrate our method, and show that atom diffraction
essentially calculates higher powers of the Gauss Sum. This fact allows us to
exceed the accuracy of the classical Gauss Sum, as judged by the supression of nonfactors [3].
We discuss possible extensions to our technique including the use of
superposition states, and applications to calculating discrete Fourier transforms.

Factorisation of 91 from the diffraction patterns of a BEC
exposed to a phase-shifted optical standing wave. Raw
absorption images are seen in (a) while (b) shows the
measured energies (circles) compared with the Gauss sum
(dashed line) and quantum simulations (crosses).
[1] M. Mehring, et al., Phys. Rev. Lett. 98, 120502 (2007);
[2] P.W. Shor in Proceedings of the 35th Annual Symposium on Foundations of Computer Science,Santa
Fe, NM 1994, edited by Shafi Goldwasser (IEEE Computer Society Press, Loas Alamitos, CA, 1994),pp.
124.
[3] M. Sadgrove, S. Kumar, K. Nakagawa, accepted for pulication, Phys. Rev. Lett.

PQE-2009

227

X-ray imaging with specialized diffractive optics
Anne Sakdinawat
1

National Science Foundation Engineering Research Center for Extreme Ultraviolet Science and
Technology, University of California at Berkeley, CA 94720, USA
2
Center for X-ray Optics, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
E-mail: annesak@berkeley.edu
Abstract. Specialized diffractive optical elements have been developed to improve contrast and
resolution for x-ray imaging studies. Diffractive lenses that combine a Fresnel zone plate with a
specific phase structure allow imaging and filtering to be performed within a single lens, which
enhances contrast or resolution while keeping alignment simple. For example, spiral zone plates
and positive and negative Zernike zone plates have been used to enhance contrast, while
wavefront coded zone plates have been demonstrated to extend depth of field. Use of Fresnel
zone plates to focus x-rays from the free electron laser at FLASH for applications in diffraction
imaging applications will also be discussed.
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Complete Characterization of Quantum-Optical Processes
Barry C. Sanders, Mirko Lobino, Dmitry Korystov, Connor Kupchak, Eden Figueroa, and A. I. Lvovsky
Institute for Quantum Information Science, University of Calgary, Alberta T2N 1N4, Canada

Quantum information and quantum control are
driving the creation of new quantum technologies
that act as quantum gates, storage, and feedback systems. Characterization and diagnostics for the new
devices are as important as creating these devices, yet
the same feature of giant Hilbert spaces that makes
quantum technologies so attractive also makes characterization quite difficult.
We have developed a practical procedure for
rapidly characterizing quantum optical processes
based on optical homodyne tomography (OHT) [1].
Our technique exploits the overcompleteness of the
coherent state basis to characterize completely an
optical process simply by determining how coherent states alone are mapped. The advantage of our
method is that exotic quantum optical input states
are not required; instead the process is probed by injecting coherent laser pulses and performing OHT on
the output states.
Mathematically an input state is represented by a
bounded density operator ρ over a Hilbert space H ,
and the process is described by process (completelypositive trace-preserving linear map) E : B(H ) →
B(H ) : ρ 7→ ρ0 . We show that we learn about E
solely by injecting states |αihα| and performing OHT
on the resultant output states %(α) ≡ E(|αihα|); after sufficient sampling we have an accurate formula
for approximating %(α), which can then be used to
calculate the output for any input state ρ.
To show that E(|αihα|) suffices to describe the
process on any input state ρ, we use the GlauberSudarshan representation [2]
Z
Z
ρ=
dµ(α)Pρ (α)|αihα|,
dµ(α)|αihα| = 11,
α∈C

α∈C

(1)
whose output
state
from
the
process
corresponds
to
R
E(ρ) =
dµ(α)Pρ (α)%(α). The function %(α) is
known by the above sampling process, and Pρ can
be determined from the mathematical expression for
the state or experimentally by OHT.
Although Pρ can be highly singular, Klauder’s

[1] M. Lobino, D. Korystov, C. Kupchak, E. Figueroa, B.
C. Sanders and A. I. Lvovsky, Science 322(5901): 563
- 566 (2008).
[2] R. J. Glauber, Phys. Rev. Lett. 10, 84 (1963); E. C.
G. Sudarshan, ibid 10, 277 (1963).
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Theorem [3] tells us that ∀ρ ∈ B(H ) ∃ a nearby
ρL with PL well-behaved ∀L such that ρL → ρ as
L → ∞. Practically we obtain PL by (i) formally
determining Pρ from ρ, (ii) computing its Fourier
transform P̃ρ (k) with k ∈ C, (iii) regularizing P̃
by sharply yet smoothly restricting k to the square
domain (−L, L)2 ⊂ C, and (iv) finding its inverse
Fourier transform to obtain PL,ρ(α) , which yields
ρL → ρ as L → ∞.
We tested our theory against experiment by injecting eleven different amplitudes of coherent light
(from 0 to 10.9) from a continuous-wave Ti:Sapphire
laser at 795 nm into an electro-optic modulator
(EOM) followed by a polarizer. The EOM imposes
minimal distortion on the light field for a 100 V bias
but produces birefringence hence losses plus phase
shifting at a 50 V bias. The relative phase shifts
were tracked by switching the EOM voltage between
100 V and 50 V every 100 µs, and a piezoelectric
transducer linearly scanned the local oscillator phase
used for OHT at 100 Hz. An oscilloscope recorded
the photocurrent, which was integrated over time intervals of 20 ns. The time-dependent local oscillator
phase was obtained from the slowly varying sinusoidal
photocurrent variation.
For each of the eleven input amplitudes, 50,000
phase and quadrature values were obtained for both
input and output states and used to estimate the density matrices. The resultant process was determined
to be a phase shift of 34◦ and a loss of 36%. In order
to test this inferred process characterization, we applied the process to the squeezed state and measured
the output state. Then we applied the process superoperator to the same input state, and calculated the
predicted process output. The calculated and measured states agreed with fidelity 0.9935±0.0002 thus
validating our technique. Recently this method has
been applied to characterizing optical quantum memory [4].
Financial support:– NSERC, i CORE, AIF, CFI,
CIFAR and QuantumWorks.

[3] J. R. Klauder, Phys. Rev. Lett. 16, 534 (1966).
[4] M. Lobino, C. Kupchak, E. Figueroa, and A. I.
Lvovsky, “Process tomography of quantum-optical
memory”, PQE 2009 invited talk.
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Exorcizing Maxwell’s Demon via Quantum Mechanics
Zoe-Elizabeth Sariyanni,1,2 Yuri V. Rostovtsev,1
M. Suhail Zubairy1,3 and Marlan O. Scully1,4
1 Institute

for Quantum Studies and Department of Physics, Texas A&M
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2 JILA, University of Colorado, Boulder, CO 80309.
3 Texas A&M University at Qatar, Education City, P.O. Box 23874, Doha, Qatar.
4 Princeton Institute for the Science and Technology of Materials and Department
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Abstract: We show how a Stern-Gerlach apparatus can act as a Maxwell’s Demon without
violating the second law of thermodynamics. A heat engine using such a quantum sorter produces
work in a microwave cavity by exploiting the energy of the center of mass wave packet [1].
Maxwell’s Demon, a microscopic creature able to create and sustain temperature differences without doing
any work, has been fascinating scientists as its existence would violate the second law of thermodynamics.
Of the potential demons proposed, the longest lived has been Leo Szilard’s [2] intelligent demon in his
single atom heat engine. Charles Bennett [3] resolved the paradox by showing that erasing the intelligent
demon’s information is thermodynamically costly, as the entropy increases by ∆S = k ln 2 per information
bit erased. Nevertheless, others have disagreed. We propose and analyze a new kind of single atom quantum
heat engine which allows us to resolve the Maxwell demon paradox simply, and without invoking the notions
of information or entropy [1, 4]. In this scheme the conservative magnetic field of a Stern-Gerlach apparatus
acts as a Maxwell’s demon by sorting atoms according to their spin without doing any work [Fig. 1]. An
isothermal compressor acts as the entropy sink. In order to complete a thermodynamic cycle, an energy of
∆W = kT ln 2 must be expended. This energy is essentially a “reset” or “eraser” energy. Thus Bennett’s
entropy ∆S = ∆W/T emerges as a simple consequence of the quantum thermodynamics of our heat engine.
Pm

ωrot

Delay

ωrot

diaphragm

Hohlraum

piston

Fig. 1. A single two-level atom is prepared in a thermal mixture of its states by passing through a hohlraum.
Then it is directed through a Stern-Gerlach apparatus which acts as a quantum sorter by deflecting the atom
according to its spin state. If the atom is in the excited state it passes through a resonant micromaser cavity
where it emits a photon. This coherent radiation is the useful work output of the engine; one gains W ≃ 12 kT
per cycle (since ǫa − ǫb ≃ kT ). On the other hand, if the atom is in the ground state when reaching the
Stern-Gerlach, it follows the lower trajectory, where it only undergoes a time delay. The two trajectories are
recombined by using a rotating mirror which has alternating and equally spaced reflecting and transmitting
sectors; the mirror is timed so that when the atom is in the upper trajectory is transmitted while when it
is in the lower trajectory it is reflected. Because these two event could not be occurring simultaneously, a
time delay needed to be introduced in one of the trajectories. As a result of the time delay, the probability
packet of the atom in the recombined beam is spread out to twice its initial width. The probability packet
is then isothermally compressed in order to complete the cycle. The work required for the compression is
kT ln 2 = ∆W , as a result the entropy increases by ∆S = k ln 2 per cycle.
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SPM+Raman - Integrated Solution for Modern Photonics
and Plasmonics
Sergey Saunin*, Sergey Bashkirov, Alexey Belyaev, Dmitry Evplov, Vasily Gavrilyuk, Vladimir Ivanov,
Andrey Krayev, Mikhail Savvateev, Alexey Temiryazev, Vladimir Zhizhimontov
AIST-NT Inc. (7101 Royal Glen Trail, McKinney, TX 75070 USA)
*Corresponding Author: saunin@aist-nt.com

Scanning probe microscopy (SPM) became one of the major characterization techniques in
the field of nanotechnology, semiconductor industry, molecular biology and material engineering.
Combination of the SPM and Raman spectroscopy opens new horizons in the fast-evolving applied
genomics, plasmonics, SERS (Surface Enhanced Raman Scattering), material engineering etc. Tip
Enhanced Raman Scattering (TERS) which is a core technology resulting from the integration of the
SPM and Raman spectroscopy, can significantly improve the spatial resolution of Raman mapping
and potentially may become one of the major tools for fast DNA sequencing and stress
characterization in Si-Ge nanostructures.
AIST-NT Inc. developed the first SPM on the market that has been designed from the very
beginning to be integrated with the high resolution optics without sacrificing the performance of
neither the AFM part, nor the optics / spectroscopy module. Following are the key features that make
AIST-NT’s instrument the most suitable SPM for integration with UV-VIS and Raman spectrometers:

1. Fully automated measuring head with low-noise 1300nm registration laser and open design that
allows the optical access to the tip both from above (100x, NA 0.70), from the side (20x, NA
0.42) and from below (100x, up to 1.4 NA). The 1300nm laser allows measurements of VIS lightsensitive semiconductor and biological samples. It also eliminates the cross-talk with most
popular Raman lasers with the wavelength up to 1064 nm.
2. Unique flexure scanner having resonant frequencies (unloaded) about 20kHz in XY and about 30
kHz in Z direction allows operation with low free amplitudes (2-3 nm), true non-contact scanning
and extra-safe landing. High eigenfrequencies of the scanner and SPM itself also make AISTNT’s instrument extremely stable and fairly unsusceptible to the mechanical vibrations, which
becomes important for combined SPM-Raman/ fluorescence applications.
3.

Special design of AIST-NT SPM opens wide access to the probe area simplifying the integration
of the instrument in complex systems. The measuring head is opened from top and from one side
for optics and introduction of additional probes and micromanipulators. Side illumination of the
probe is extremely important for TERS and related techniques.

4. Precise and highly stable Light Input-Output system makes possible coupling of the AIST-NT’s
AFM with most commercially available optical spectrometers and allows precise convergence of
the beams in the top and side excitation channels making possible adequate analysis of the
illumination and polarization conditions on the optical response of the nanostructures.
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Low repetition rate all-optical frequency comb
Savchenkov A.A., Matsko A.B., Ilchenko V.S., Liang W., Seidel D., Solomatin I., Maleki L.
OEwaves, Inc., 1010 Union Street, Pasadena, CA, 91106, tel: 626-449-500x445, e-mail:
Anatoliy.savchenkov@oewaves.com

Abstract: We report a solid state all-optical frequency comb of low repetition rate in a high finesse crystalline
cavity. Technique of cavity dispersion measurement is described. Competition of stimulated raman scattering,
thermo-refractive instability, parametric oscillations, and other nonlinear processes is demonstrated and
discussed.
Optical combs revolutionized optical metrology providing unprecedented precision of optical frequency
measurements. Recently, a miniaturized all-optical comb generator based on microtoroidal resonators made of
fused silica was demonstrated [1]. Very low volume and high finesse of the optical modes of the resonator
allows for well developed hyper-parametric oscillations at relatively low optical power. The technique relies upon
small size of the resonator which limits the lowest achievable frequency of repetition rate.
We propose an approach for generating optical frequency combs exploiting high Q-factor of crystalline
resonators rather than low mode volume [2]. This approach does not limit the lowest repetition frequency and
ultimately offers a very high efficiency of the process at low optical power. Fluorite resonators show zero
dispersion near convenient 1550nm communication wavelength. Additionally, suggested approach allows long
term stabilization of comb frequency [3].
We report 300-component 70nm wide frequency comb generated with high-Q factor CaF2 resonator. 60mW
optical pump was provided with laser operating at 1549.7nm. Repetition rate of 25,786,247,580Hz was
demonstrated. Demodulation of the comb revealed 40Hz wide RF signal at comb repetition frequency. An
adjustment of the pump wavelength promises further improvement of the comb generation efficiency.

Fig1 Opical spectra of frequency comb. Repetition rate is 25,786,247,580Hz. CaF2 whispering gallery mode resonator is optically pumped with 60mW optical
power at 1549.7nm wavelength.

Fig2. (left) Hyper‐parametric oscillations caused by 1549.7nm optical pump. (right) Efficient SRS leads to hyper‐parametric oscillations around 1620nm
wavelength. The data retrieved from these two spectra allows calculating zero‐dispersion point for a particular resonator.
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Correlated Tunneling and Interferences in Strongly Interacting
Low-Dimensional Bosonic Systems
P. Schmelcher
Physikalisches Institut, Universität Heidelberg, Philosophenweg 12, 69120 Heidelberg, Germany and
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The transition of a one-dimensional trapped few-boson system from weak to strong correlations including the fermionized limit is investigated. Our numerically exact analysis, based
on the Multi-Configuration Time-Dependent Hartree method, explores the interplay between
different shapes of external trapping and inter-particle forces. We first review some main features of this transition by analyzing the one-particle density and density matrix as well as the
two-particle correlation function. A thorough understanding of the behaviour with increasing
interaction strength by relating it to the loss of decoherence in the one-body density matrix
and to the emerging long-range tail in the momentum spectrum is provided. The main focus
of our work is the exploration of few-boson tunneling in a double well. As we pass from weak
interactions to the fermionization limit, the Rabi oscillations first give way to highly delayed
correlated pair tunneling, whereas for very strong correlations multi-band Rabi oscillations include fragmented pair tunneling. The tunneling dynamics near fermionization is shown to be
sensitive to both atom number and initial configuration. All this is explained on the basis of
the exact few-body spectrum and without recourse to the conventional two-mode approximation. Two-body correlations are found essential to the understanding of the different tunnel
mechanisms. The investigation is complemented by discussing the effect of skewing the double
well, which offers the possibility to access specific tunnel resonances. Finally we briefly discuss
the recently found effect of quantum suppression of ultracold scattering in a strongly confining
waveguide. The underlying mechanism is the interference of the gerade and ungerade scattering contributions leading to transparency in the cold collisions This is the dual effect to the
well-known confinement-induced resonance.
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Atomic spectroscopy and quantum interference on a
chip
Holger Schmidt
School of Engineering, University of California, Santa Cruz, 1156 High Street, Santa Cruz, California 95064

Abstract: Miniaturized atomic vapor cells can be built on a semiconductor chip using
hollow-core waveguide technology. In this talk, I will review the status of these
integrated spectroscopy cells, including design, fabrication, atomic vapor spectroscopy,
and the observation of quantum interference signatures on a chip.
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A deterministic single ion source for nm-spatial deterministic doping
of solid state devices
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Institut für Quanteninformationsverarbeitung, Universität Ulm, Albert-Einstein-Allee 11, 89081
Ulm, Germany, http:/quantenbit.de

2
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Cold trapped ions have been investigated for a future quantum computer [1,2,3]. For a realization of a
scalable quantum device we employ linear segmented micro-structured Paul-traps [4]. As alternative to
Paul traps, ions may be confined in the matrix of a solid state crystal. While quantum gate operations have
been demonstrated for two of such qubits [5], no scalable solid state devices have been fabricated. We
have proposed a method which uses a linear Paul trap a deterministic source of sympathetically cooled
doping ions [6]. Recently, we have proven experimentally deterministic extraction of cold ions. Fig. 1
shows the general setup, fig. 2 the segmented ion trap used for extracting single ions on demand. The
advantages of our method are (i) the ions are ultra cold, allowing for a nm-spatial resolution, (ii) the
method is universal and can be used for any species or isotope of atomic, even for molecular ions, and (iii)
the extraction energy can be chosen freely depending on the requirements of the application.

Fig: 1: Scheme of the experiment.

Fig. 2: Segmented linear ion trap used for deterministic
extraction of a predetermined number of ions.
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The Lamb Shift Yesterday, Today,
and Tomorrow
Marlan O. Scully
Institute for Quantum Studies and Departments of
Physics and Chemical Engineering,
Texas A&M University, College Station, TX 77843
Applied Physics and Materials Group,
Princeton University, Princeton, NJ 08544
Abstract
The collective Lamb shift associated with an extended cloud of N atoms
uniformly excited by one photon is calculated. Such an atomic configuration
consists of only one out of N atoms excited, and the collective decay rate
can be much faster than the one-atom rate Γ. In such a case, the Lamb
shift is also enhanced over the single atom result, by an amount which is
directly proportional to the number of atoms. An interesting feature of the
collective N atom level shift is that the analysis is free from the usual infinities
encountered in such problems and is not cutoff dependent.
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Abstract: The collective Lamb shift associated with an extended cloud of N atoms uniformly excited by one
photon is calculated. It is found that the Lamb shift is enhanced N fold over the single atom result.
The Lamb shift and Dicke superradiance are the most intriguing effects in quantum optics. The former has been first
observed by Lamb in hydrogen atom [1]. This small energy shift between two degenerate states of hydrogen atom occurs
due to the repeated emission and re-absorption of short wavelength virtual photons. In 1954 Dicke [2] pioneered the notion
of cooperative spontaneous emission from a collection of large number of two-level atoms when one of them initially in an
excited state and with mutual distances much smaller than the resonance wavelength. Since then there has been
considerable interest on collective effects in the spontaneous emission from several two level atoms [2,3]. More recently,
effects of collective spontaneous emission have been revisited for system of two level atoms with single photon excitation
in both Dicke ( R << λ ) and large atomic cloud ( R >> λ ) limits [3].
Here, we consider N two level atoms with single photon excitation in the non-rotating wave approximation. As previously
noted [3] the collective decay rate of a small atomic cloud is N times faster than the one atom decay rate. In the Dicke limit,
it is found that the collective Lamb shift which arises due to the presence of energy non-conserving terms in the interaction
Hamiltonian, has also been enhanced by a factor of N. In the large cloud limit where the radius R of the cloud is much
larger than the wavelength, the collective Lamb shift is enhanced by a factor proportional to Nλ / 2 R . It worth
mentioning that the collective Lamb shift effect in large cloud limit cannot be explained by vacuum fluctuations rather it is
due to the radiation reaction that arises as a result of emission and re-absorption of virtual photons.
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Fig.1 The first three energy levels of a uniformly excited cloud of N atoms. The solid lines indicate the FanoAgrawal coupling from the initially prepared B0 state and are energy conserving terms. The dashed lines
indicate virtual photon transitions in which an atom jumps from a ground to an excited state while emitting a
photon.
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Two-photon excitation in three two-level atom system: Dicke Superradiance
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Abstract: We show that in two photon excitation of three atom system the decay rates of
symmetric states are enhanced and that of nonsymmetric states are suppressed.

Supperradiance is a cooperative spontaneous emission of radiation from a system of two-level atoms initially in
an excited state, with maximum radiation rate proportional to the square of the number of atoms. Cooperative
emission is theoretically predicted by Dicke[1]. In his paper, Dicke considered two types of cooperative
phenomena: supperradiance and subradiance in a collection of two-level atoms when all atoms are confined
inside a volume much smaller than the radiation wavelength. These have extensively been studied theoretically
and experimentally since then [2].
More recently cooperative emission of radiation has been considered for system of N two-level atoms with single
photon excitation [3]. Though there is only one excited atom out of N atoms the decay has been enhanced by
a factor of N. It is then natural to ask the effect of the number of excitation photons on the decay rate. To this
end, we consider two photon excitation in three two-level atoms with the system being initially in one of the
symmetric states (see Fig. 1). We assume that the system to be initially in symmetric state |1i in vacuum. It
is found that the decay rate is enhance by a factor of the number of excitation. The Hamiltonian describing the
interaction of three two-level atoms and the multimode radiation in rotating wave approximation is given by
V (t) = ~

3 X
X
(gjk σj† ak eik·rj e−i∆k t ) + adj.,

(1)

j=1 k

where ∆k = νk − ω with νk being the frequency of the k photon, ak is photon operator for k mode, σj is
atomic lowering operator for jth atom, and gjk is atom-field coupling constant of the jth atom and k mode.
The probabilities for the system to be in different states are:
2
P1 (t) = e−8Γt , P2 (t) = P3 (t) = 0, P4 (t) = (1 + 2f )e−2Γ(1+2f )t (1 − e−2Γt )
3
X
X
1
1
P5 (t) =
|β2k (t)|2 =
(1 − f )e−2Γ(1−f )t (1 − e−2Γt ), P6 (t) =
|β3k (t)|2 = (1 − f )e−2Γ(1−f )t (1 − e−2Γt ),
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FIG. 1: LEFT to RIGHT: (a) All possible ordinary Dicke states of three two-level atoms. Plots of the probability for the
system to be in the Dicke state (b) |4i (c) |5i and (d) |gi against scaled time Γt for various values of f = sin k0 r)/k0 r.
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Putting Superluminosity to Work: From Data Buffering to Ultraprecise
Magnetometry
Selim M. Shahriar, Northwestern University
The group velocity of light can approach infinity in a material medium if the anomalous
dispersion has a critical value. Under this condition, the wavelength becomes
independent of frequency. When such a medium is placed inside an optical cavity, the
resonance condition becomes extremely sensitive to any change in the optical path. In
this talk, I will describe first how this process can be employed for a pasive system,
forming a white light cavity, as well as an active system, forming a superluminal laser. I
will then describe a range of applications, including data-buffering with a high delaybandwidth product, rotation sensing, precision magnetometry and supersensitive
geophony.
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The Symmetry of Spin-Squeezing: Quantum State Tomography on a
Sphere
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Often in tomography the inherent symmetries of the state under study are ignored. Yet these
symmetries can yield powerful insights into the nature of the state under consideration. By exploiting the fundamental symmetries that are present, it may be possible to develop better tomographic
reconstruction and visualization techniques. For example, we have recently shown that using the
full symmetry of “mutually unbiased bases,” we can significantly enhance the efficiency of tomography. We have also demonstrated how tomography must be generalized for the case of practically
indistinguishable particles which may possess “hidden” distinguishing information.
In this talk I will review some of our recent experimental work characterizing a variety of spinsqueezed and entangled states where the spherical symmetry of polarization cannot be ignored. We
construct our spin-squeezed states by placing three indistinguishable photons into the same mode
of an b)
optical fiber and manipulating their polarization, leading to the formation of a composite
0.5
particle called
a triphoton, with the symmetry properties of a single spin-3/2 particle. In practice,
it is not 0.4
possible to make the three photons completely indistinguishable - there will always be
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distinguishing information remaining. We show how to reconstruct the full density
0.3
matrix of0.2a triphoton state in the presence of this fundamental distinguishing information.
The symmetry properties of polarization imply that the spin-squeezed states we measure are most
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FIG. 1: a) Absolute value of the reconstructed density matrix of a Triphoton state in the presence of
distinguishing information. b) The same triphoton state represented by a quasi-probability distribution
on the surface of a Poincaré sphere. This representation naturally displays the squeezing properties of the
state.
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Thermal light ghost imaging: What is quantum?
What is classical?
Yanhua Shih

Department of Physics, University of Maryland, Baltimore County,
Baltimore, MD 21250
Abstract: This talk will address a currently ongoing hot debate about thermal light ghost imaging:
What is quantum? What is classical?
One of the most surprising consequences of quantum mechanics is the nonlocal interference observable
in multi-particle joint-detection. Ghost imaging is one of such phenomena. Two types of ghost imaging have
been experimentally demonstrated since 1995. Type-one ghost imaging uses entangled photon pairs as the
light source. The nonlocal point-to-point image-forming correlation is the result of a constructive-destructive
superposition among a large number of biphoton amplitudes, a nonclassical entity corresponding to different
yet indistinguishable alternative ways of producing a joint-detection event between distant photodetectors.
Type-two ghost imaging uses chaotic-thermal light. The type-two image-forming correlation is the result
of interferences between paired two-photon amplitudes, corresponding to two different yet indistinguishable
alternative ways of triggering a join-detection event by two independent photons.
Ghost imaging has attracted a great deal of attention, perhaps due to its potential applications. Taking
advantage of its quantum interference nature, a ghost imaging system may turn a bucket photodetector into
a nonlocal CCD camera with classically unachievable spatial resolution,


D π
|~
ρo − ρ~i | ,
g (2) (~
ρo , ρ
~i ) = I02 1 + somb2
d λ

(1)

where D/d is the angular size of the light source. For instance, using the Sun as the light source we may
achieve a spatial resolution equivalent to that of a classical camera with a 92-meter diameter lens system when
taking pictures at 10 kilometers distance. To achieve this goal, the realization of constructive-destructive
multi-photon interference is a necessary condition. Classical correlations, such as the “man-made” speckleto-speckle correlation, proposed by Gatti et al., can never do the job.
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Figure 1: Upper (type-two ghost imaging): A ghost image is made by a partial point-to-spot imageforming correlation, which is the result of two-photon interference and gives spatial resolution that
is determined by the angular size of the thermal source [see Eq. (1)]. Lower (classical ghost shadow
projection): A ghost shadow is made by blocking-particial blocking-unblocking the correlated speckles.
The two identical sets of speckles are the classical images of the speckles of the source. The spatial
resolution of the ghost shadow, unfortunately is limited by the size of the speckles.
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X-Ray Free Electron Laser Oscillator: a Future Fully
Coherent X-ray Source.
Yuri Shvyd’ko
Advanced Photon Source, Argonne National Laboratory, USA
An x-ray free electron laser oscillator (X-FELO) for hard x-rays (5-25 keV) was recently shown
to be feasible, based on a low-loss x-ray crystal cavity and ultra-low emittance electron beams
[1]. The device will produce pico-second pulses with ' 109 x-ray photons (' 1 µJ) per pulse at
a repetition rate of at least 1 MHz. The pulses will have full transverse and temporal coherence
' 1 ps (rms), and a bandwidth of ' 2 meV (rms). Due to the narrow bandwidth, the peak
spectral brightness of an XFELO is predicted to be comparable to that of the self-amplifiedspontaneous emission (SASE) high-gain x-ray free electron lasers (XFEL), while the average
spectral brightness is higher by several orders of magnitudes.
XFELO will suit perfectly applications requiring coherent and highly monochromatic hard xrays, such as: inelastic x-ray scattering (IXS), nuclear resonant scattering (NRS), bulk-sensitive
hard x-ray photoemission spectroscopy (HAXPES), other high-energy-resolution ( 1 meV) spectroscopic probes, and for imaging with hard x-rays at near-atomic resolution (' 1 nm).
In particular, regarding NRS applications: XFELO will generate in each pulse about 103 “Mössbauer” photons, with 5 neV spectral width, the natural with of the 14.4 keV nuclear resonance
in 57 Fe. With a repetition rate of about 1 MHz, XFELO will produce ' 109 fully coherent
14.4 keV Mössbauer photons per second, thus opening new horizons for techniques based on
nuclear resonance scattering.
Details of the concept, main features of the XFELO, different schemes of the x-ray cavities, including the tunable ones [2] will be discussed in the talk. State of the R&D on this project at the
Argonne National Laboratory will be presented.
[1] Kwang-Je Kim, Yuri Shvyd’ko, and Sven Reicher, “A Proposal for an X-Ray Free-Electron
Laser Oscillator with an Energy-Recovery Linac”, Physical Review Letters, 100 (2008) 244802.
[2] Kwang-Je Kim, and Yuri Shvyd’ko, “A Tunable Optical Cavity for an X-Ray Free-Electron
Laser Oscillator”, to be published (2009).
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Non-linear Dispersive Measurement with Superconducting Circuits
Irfan Siddiqi
Quantum Nanoelectronics Laboratory, Department of Physics,
University of California, Berkeley 94720-7300

The Josephson junction is a unique electrical circuit element which can be operated as either a
non-linear resistor or a non-linear inductor. The junction resistance varies when biased near the
critical current (I0) with a current I ≈ I0. Under these conditions, the junction can switch from the
zero voltage state to the finite voltage state, realizing a very sensitive threshold detector for small
variations in I0. An external signal, such as a magnetic flux or electric charge, can be amplified
by coupling it to I0 via a superconducting loop or island, respectively. To use the junction as a
non-linear inductor, we drive it with a microwave frequency current IRF(t) << I0. In this regime,
the junction can be viewed as an anharmonic oscillator whose dynamics are described by a
particle in a sinusoidal potential. The frequency of plasma oscillations ωP is a function of both I0
and IRF. An external signal coupled to I0 causes a dispersive shift in the plasma frequency which
can be detected by measuring the amplitude and phase of the microwave drive signal reflected or
transmitted from the junction. The anharmonicity of the junction results in a decrease of ωP with
increasing drive current IRF. Consequently, the dispersive shift due to an input signal can be
further amplified by increasing IRF and detuning the drive frequency from the small signal value
of plasma frequency ωP0. For sufficient detuning, the junction response bifurcates into two
attractors, both of which keep the system confined to one well of the sinusoidal potential but
with different oscillation amplitude and phase—realizing again a threshold detector for small
variations in I0, but one which does not switch into the voltage state. The bifurcation can be
accessed by amplitude modulation of the drive current at fixed frequency detuned from ωP0. In
this case, the oscillator switches from one attractor to the other when sufficient drive current is
applied. We have recently demonstrated [1] that it is possible to access the bifurcation regime
without a switching process. If a frequency modulated drive current is applied, the junction can
either phase lock or not to the chirped drive current and accesses the high or low amplitude
oscillation state, respectively. These two outcomes have a sharp threshold which depends on I0,
IRF, and the chirp rate. The junction tracks one the two dynamical attractors as the oscillator is
energized rather than switch between them. The ultimate sensitivity of this detector and its
backaction are currently being investigated.
[1] O. Naaman et al., PRL 101, 117005 (2008).
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Fluctuations of Particle Number in Twocomponent Interacting Bose
Einstein Condensate
Andrii Sizhuk, Anatoly Svidzinsky, Marlan Scully
Physics Department, Texas A&M University, Texas 77843
We study equilibrium fluctuations of particle number in the twocomponent weakly interacting Bose
Einstein condensate (BEC). Using Bogoliubov theory we obtain analytical expressions for the particle
distribution function and fluctuations. We discuss several particular cases, namely, zerotemperature limit and
the ThomasFermi regime. We study in detail the vicinity of the quantum phase separation transition where
fluctuations undergo dramatic variation. We plot the temperature dependence of the first central moments of
the condensate distribution function for the twocomponent interacting BEC and compare it with the one
component condensate.
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Collective light scattering from ultracold atoms in optical cavities
Sebastian Slama,
Gordon Krenz, Simone Bux,
Claus Zimmermann, and Philippe W. Courteille
Physikalisches Institut, Eberhard-Karls-Universität Tübingen,
Auf der Morgenstelle 14, D-72076 Tübingen, Germany
Abstract: We study the scattering of light from ultracold thermal and Bose-Einstein
condensed atomic gases which are positioned inside an optical high-Q ring cavity. In such a
system atoms do not scatter light individually, but scattering is a collective phenomenon
involving all atoms. I will report on the observation of collective instabilities of this system
like collective atomic recoil lasing (CARL) and superradiant Rayleigh scattering (SRyS) . In
a slightly modified situation where light was Bragg scattered from an one-dimensional optical
lattice in the cavity hints for multiple scattering between different lattice sites could be
observed.
The special feature of ring cavities is the existence of two counter-propagating modes, which allows
for a one-sided pumping of the cavity. Atoms which are in such a one-sided pumped ring cavity can
scatter photons into the unpumped mode. Thereby an optical standing wave is generated which - via
the dipole force - arranges the atoms into a grating. This self-generated grating fulfils the condition
for Bragg scattering and further enhances the scattering, which leads to a collective instability of the
system known as CARL. This instability had been first observed in our group with thermal atoms. 1 In
a new setup which was the first to combine Bose-Einstein condensates (BEC) with optical cavities we
were able to measure CARL both above and below the critical temperature for Bose-Einstein
condensation without observing a qualitative difference. 2 By that observation and by repeating our
measurement for different cavity Q-factors we were able to link CARL to other experiments which
are known as superradiant Rayleigh scattering (SRyS). 3 As SRyS is normally done without cavity it
works only for Bose-condensed clouds. Our measurement was the experimental proof that quantum
degeneracy plays no role for the observability of CARL and SRyS, the crucial property is the
collective behaviour of the atoms which can be strongly enhanced in a cavity.
In a slightly different experiment we have loaded cold atoms into a one-dimensional optical lattice
inside an optical cavity and observed Bragg scattering of an additional laser field from this atomic
grating. Also here the Bragg scattering process is a collective phenomenon as it includes the coherent
superposition of scattered light fields from different lattice sites. By changing the atom number in the
lattice we were able to observe Bragg scattering in two regimes. In the regime of an optically thin
grating an interferometric technique allowed us to measure the phase imparted to the light field by the
scattering process. 4 In the second regime of an optically thick grating, where the reflection amplitude
is high, multiple reflections can in principle give rise to a photonic stop band. Indeed we could
5
observe small signatures of multiple scattering. However, these were hindered by diffuse

scattering occurring close to resonances.

1

D. Kruse et al., Phys. Rev. Lett 91, 183601 (2003)
S. Slama et al., Phys. Rev. Lett 98, 053603 (2007)
3
S. Inouye et al., Science 285, 571 (1999)
4
S. Slama et al., Phys. Rev Lett. 94, 193901 (2005)
5
S. Slama et al., Phys. Rev. A 73, 023424 (2006)
2
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Novel Light Sources Utilizing Maximal Quantum Coherence
in Molecular Gasses and Solids
Alexei V. Sokolov, Andrea M. Burzo, Miaochan Zhi, and Xi Wang
Physics Department and Institute for Quantum Studies, Texas A&M University, College Station, Texas 77843
sokol@physics.tamu.edu

Abstract: Extending the ideas of atomic coherence to molecular physics has lead to exciting
developments. Macroscopic molecular coherence allows broadband collinear generation of
Raman sidebands, opening possibilities for compression of optical sub-cycle pulses, and for nonsinusoidal field synthesis.
Production of ever-shorter light pulses has been motivated by opportunities to study ever-faster processes in atoms
and molecules; a reliable source of subfemtosecond pulses would allow extension of femtochemistry to attoscience.
While high-order harmonic generation has emerged as a promising tool for studying atomic and molecular processes
on the (attosecond) time scale of electronic motion, we have developed an alternative, and to a large extent
complimentary, technique [1-5]. We have demonstrated a Raman light source with a bandwidth spanning infrared,
visible, and ultraviolet spectral regions, and capable of producing ultra-short (single-cycle) pulses of light which are
automatically synchronized with respect to the molecular oscillations [2, 3]. The central feature of our technique is
the preparation of an ensemble of molecules in a coherent state -- a feature that has also been used in
electromagnetically induced transparency, ultraslow light propagation, lasing without inversion, in proposals for
analytical chemistry, and in detection of pathogens [6].
The preparation of a macroscopic molecular medium in a coherent superposition-state is typically accomplished
by two laser pulses tuned close to a Raman resonance. The resultant molecular motion modulates input light to
produce a wide spectrum of discrete sidebands, which can be used to synthesize trains of single-cycle pulses. We
have demonstrated that the generated spectral components are mutually coherent over their temporal and spatial
profiles, and that their relative phases can be easily adjusted. Moreover, by properly tuning the applied laser
frequencies, we fix the absolute (carrier-envelope) phase in the generated pulse train. This is the first step toward
sub-cycle pulse shaping. Present techniques produce pulses with shaped frequency and amplitude envelopes; such
envelope-shaped pulses already allow coherent control of molecular excitations and chemical reactions. Sub-cycle
shaping will allow synthesis of waveforms where the electric field is an arbitrary predetermined function of time,
not limited to quasi-sinusoidal oscillations. As a result, a direct and precise control of electron trajectories in photoionization and high-harmonic generation will become possible.
The molecular modulation technique has been originally developed to utilize low-pressure molecular gasses
adiabatically driven by transform-limited nanosecond laser pulses. We have now extended this technique to a
qualitatively different time regime, and to a different state of medium, i. e. to Raman-active crystals driven by
shaped femtosecond and picosecond pulses [7, 8]. Implementations of molecular modulation in both gasses and
solids possess distinct advantages that motivate us to pursue both, with the ultimate goal of using these Raman light
sources to study ultrafast atomic and molecular processes.
References:
[1] A. V. Sokolov and S. E. Harris, J. Opt. B: Quantum Semiclass. Opt. 5 R1-R26 (2003).
[2] A. V. Sokolov, M. Y. Shverdin, D. R. Walker, D. D. Yavuz, A. Burzo, G. Y. Yin, and S. E. Harris, J. Mod. Opt. 52, 285–304 (2005).
[3] A. V. Sokolov, Appl. Phys. B 77, 343-347 (2003).
[4] A. M. Burzo, A. Chugreev, and A. V. Sokolov, Opt. Comm. 264, 454 (2006); Phys. Rev. A 75, 022515 (2007).
[5] A. M. Burzo and A. V. Sokolov, “Broadband Modulation of Light by Coherent Molecular Oscillations”, in Frontiers of Molecular
Spectroscopy, edited by Jaan Laane, p. 347 (Elsevier, 2009).
[6] D. Pestov, X. Wang, G. O. Ariunbold, R. K. Murawski, V. A. Sautenkov, A. Dogariu, A. V. Sokolov, and M. O. Scully, Proc. Natl. Acad. Sci.
U.S.A. 105, 422 (2008), and references therein.
[7] M. Zhi and A. V. Sokolov, Opt. Lett. 32, 2251 (2007); Focus issue: Attosecond Physics, New J. Physics 10, 025032 (2008).
[8] M. Zhi, X. Wang, and A. V. Sokolov, Optics Express 16, 12139 (2008).
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Realization of the Bose-Hubbard model in non-standard lattice potentials: tools,
experiments, and a simple model
I. B. Spielman, N. Lundblad, J. V. Porto and W. D. Phillips
Joint Quantum Institute, NIST and the University of Maryland, Gaithersburg MD 20878

Cold atoms in optical lattices provide new avenues for studying iconic condensed matter
problems. Using an initially Bose condensed sample of 87Rb atoms, we implement the
2D Bose-Hubbard model (one intense lattice beam partitions the system into an ensemble
of 2D systems; the remaining 2D lattice potential determines the constants in the BoseHubbard model). This model has a superfluid-insulator transition. Here we go beyond
this well explored situation in two ways.
(1) We load into a topologically non-trivial lattice consisting of A and B sites, arranged
roughly ...A=B-A=B-A... where - and = indicate weak and strong tunneling respectively
(i.e. a double well). The magnitude of the tunneling terms and the energy offset between
the A and B sites are under experimental control. A mean-field calculation shows that
this geometry supports additional phases beyond those in the conventional Bose-Hubbard
model.
(2) We implement a ``focusing'' technique allowing us to better resolve any ``condensate''
in our system with minimal pollution from initial size and interaction effects.
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Magnetic phases of a dipolar spin-1 quantum gas
Dan Stamper-Kurn
Department of Physics, University of California, Berkeley, and Materials Sciences Division,
Lawrence Berkeley National Laboratory
Abstract
A spinor Bose gas, composed of atoms which can occupy all states of a non-zero hyperfine spin, can
manifest both the phenomena of magnetism and of superfluidity, both of which result from long-range
coherence of the spinor wavefunction and also result from symmetry breaking. Having developed
techniques for sensitive in-situ measurements of the magnetization in a spin-1 rubidium gas, we have
explored both its dynamic and static properties. In this talk, I will focus on the observation of the
observation of spontaneous symmetry-breaking upon the traversal of a quantum phase transition, the
characterization of a near-quantum-limited spin amplifier based on coherent atomic scattering, and the
possible application of spinor Bose gases toward spatially resolved magnetometry.
The work described in this talk was performed in collaboration with Jennie Guzman, James Higbie, Shin
Inouye, Sabrina Leslie, Lorraine Sadler, Friedhelm Serwane, and Mukund Vengalattore with theoretical
support from Marvin Cohen and Jay Deep Sau. We acknowledge the support of the NSF, the DARPA OLE
project, the DOE via LBNL, and the Packard Foundation.
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All-Optical One-Way Barrier for Alkali Atoms
Daniel A. Steck, Jeremy J. Thorn, Elizabeth A. Schoene, and Tao Li
Oregon Center for Optics and Department of Physics
1274 University of Oregon
Eugene, Oregon 97403-1274

I will describe recent experimental results [1], where we realize an asymmetric optical potential
barrier for ultracold 87 Rb atoms using laser light tuned near the D2 optical transition. Such
a one-way barrier, where atoms impinging on one side are transmitted but reflected from the
other, is a realization of Maxwell’s demon and has important implications for cooling atoms
and molecules not amenable to standard laser-cooling techniques [2].
In our experiment, atoms are confined to a far-detuned dipole trap consisting of a single
focused Gaussian beam, which is divided near the focus by the barrier. The one-way barrier
consists of two focused laser beams oriented almost normal to the dipole-trap axis. The
first beam is tuned to present a state-dependent potential to the atoms. The second beam
pumps the atoms irreversibly to the proper state on the reflecting side of the barrier, thus
producing the asymmetry. We study experimentally the reflection and transmission dynamics
of ultracold atoms in the presence of the one-way barrier.

References
[1] Jeremy J. Thorn, Elizabeth A. Schoene, Tao Li, and Daniel A. Steck, “Experimental
Realization of an Optical One-Way Barrier for Neutral Atoms,” Physical Review Letters
100, 240407 (2008).
[2] M. G. Raizen, A. M. Dudarev, Qian Niu, and N. J. Fisch, “Compression of Atomic
Phase Space Using an Asymmetric One-Way Barrier,” Physical Review Letters 94, 053003
(2005).
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Lateral mode structure of wide-ridge Quantum Cascade lasers
Nikolai Stelmakh1, Michael Vasilyev1, Fatima Toor2, and Claire Gmachl2
2

1
Department of Electrical Engineering, University of Texas Arlington, Arlington, TX 76019 Email: nikolais@uta.edu
Department of Electrical Engineering, Princeton University, Olden Street, Princeton, NJ 08544 Email: ftoor@princeton.edu

Abstract: We experimentally investigate near-field lateral mode patterns of Quantum Cascade wide-ridge lasers
with few lateral modes using a 1-GHz-resolution spatially-resolving mid-infrared spectrometer. The results
indicate that the lateral modes are well approximated by a box-model theory and, depending on cavity geometry, can
be made either degenerate or non-degenerate in frequency in mid-IR frequency range.
The generation of high spatially-coherent output power from QC lasers is one of the significant topics in
semiconductor laser research. One of the directions potentially applicable to QC lasers is the recently demonstrated
all-optical conversion of a low-intensity multimode emission from a laterally-wide cavity into a bright
diffraction-limited spatially single-lobe beam.1 For this mode-combining method, one needs all longitudinal and lateral
modes of the lasers to be frequency non-degenerate and well characterized.
We investigate the behavior of lateral modes of QC lasers for various cavity length/width ratios by analyzing their
spectrally resolved near-field and far-field patterns.2 We classify a variety of possible situations leading to either
frequency degeneracy or non-degeneracy of all lateral modes. We verify this behavior experimentally in 5-µm
wavelength range with 1-GHz resolution using a spatially resolving spectrometer. We report the spectral dispersion of
mode spectral positions and extract the refraction index dispersion data for QC laser gain core. Finally, we propose a
series of optimum cavity proportions for QC lasers designed for mode-combining and/or mode-locking.
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Fig. 1. Spatially-resolved spectra for few-lateral-modes QC lasers: a) general view of the spectrum with three areas of interest; left and top graphs
represent the traditional spatially-integrated spectrum and spectrally-integrated near-field patterns, respectively; b) spectrum detail of area 1
demonstrating presence of the fundamental mode; c) spectrum detail of area 2 demonstrating atmospheric absorption line near 5.02 µm; d)
spectrum detail of area 3 showing presence of high-order mode p=4; e) output facet geometry of the QC lasers in this study. Lateral-mode
frequency degeneracy cases measured with two-pass spectrometer configuration: f) sample with width W=(23.3±1.0) µm; g) sample with width
W=(23.4±1.0) µm, red-shifted non-degeneracy. Dotted red lines show the apparent direction of spectral mode dispersion. Approximately
middle-quarter portions of the laser spectra are shown.

References
1
2

N. Stelmakh, IEEE Photon. Technol. Lett. 19, 1392 (2007).
N. Stelmakh, M.Vasilyev, F. Toor , and C.Gmachl, AIP Appl. Phys. Lett., submitted, Nov (2008).
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Parametric gain for multimode light
Michael Vasilyev,1 Nikolai Stelmakh,1 and Prem Kumar2
1

Department of Electrical Engineering, University of Texas at Arlington, Arlington, TX 76019
E-mail: vasilyev@uta.edu
2
Center for Photonic Communication and Computing, EECS Department, Northwestern University, 2145 Sheridan Rd., Evanston, IL 60208

Abstract: We report numerical simulations of phase-sensitive parametric amplification and deamplification of multimode fields. Optimization of pumping configuration yields gains of up to 10
dB at relatively moderate pump powers.
Zero-dB noise figure and phase-regeneration properties of parametric phase-sensitive amplifiers (PSAs) have made
these devices increasingly interesting for optical communication [1–5] and imaging [6, 7] applications. We have
recently proposed a scheme [8] in which a spatially broadband PSA overcomes the sensitivity and resolution
impairments of a coherent laser radar (LIDAR), arising from its inefficient and noisy receiver as well as from soft
input aperture, by injecting squeezed vacuum into the spatial modes attenuated by the aperture and noiselessly
amplifying the weak return image. However, the number of amplified pixels in a PSA is limited by the available
pump power, which makes it important to optimize the pumping arrangement for the best efficiency.
In this paper, we report numerical optimization of the PSA for a multimode (multi-pixel) image with pump
powers of 10 kW or less that are typically available from compact and inexpensive sources. We concentrate on 2D
images with unequal number of pixels in the two dimensions, which suggests using elliptical, Gaussian-pump spatial
profiles. First, we investigate the possibility of amplification of several signal modes by a single elliptical Gaussian
pump beam [Fig. 1 (a)], where we observe very similar gains for the first three Hermite-Gaussian signal modes.
Next, we amplify a 2D text image [Figs. 1 (b)–(d)] with 10 kW of pump power, which yields both average and peak
amplification gains of ~10 dB [Fig. 1 (c)], and average de-amplification gain of –2.1 dB [Fig. 1 (d)]. Even though
the gain is not uniform across the image field, and some effects of low-pass filtering by finite spatial bandwidth of
the crystal are evident, the amplified and de-amplified texts are clearly recognizable.
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Fig. 1. (a) Phase-sensitive amplification and de-amplification gains for 3 signal modes (profiles shown on the left) with
1/e intensity radii a0s = 66 μm versus pump power; KTP-based PSA has length L = 5.2 mm, signal wavelength λs =
1064 nm, and elliptical pump waist with a0px = 141 μm, a0py =47 μm. (b)–(d) Grayscale text images before (b) and after
phase-sensitive amplification (c) and de-amplification (d) for PP-KTP-based PSA with L= 2.5 cm, λs = 1560 nm, a0px =
250 μm, a0py = 20 μm, image size ~ 90 μm × 400 μm, and 10 kW pump power. Grayscales of (b) and (d) are the same,
whereas the grayscale in (c) is normalized by the maximum intensity of (c), which is ~10 dB higher than that in (b).

In the presentation, we will elaborate on the dependence of gain on pump focusing and the input signal phase, and
then discuss the effects of Guoy phase shift, and other system parameters.
This work was supported by the DARPA Quantum Sensor Program.
References
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]

D. Levandovsky, M. Vasilyev, and P. Kumar, Opt. Lett. 24, 984 (1999).
D. Levandovsky, M. Vasilyev, and P. Kumar, PRAMANA–Journal of Physics 56, 281 (2001).
W. Imajuku, A. Takada, and Y. Yamabayashi, Electron. Lett. 35, 1954 (1999).
K. Croussore, I. Kim, Y. Han, C. Kim, G. Li, and S. Radic, Opt. Express 13, 3945 (2005).
R. Tang, P. S. Devgan, V. S. Grigoryan, P. Kumar, and M. Vasilyev, Opt. Express 16, 9046 (2008).
S.-K. Choi, M. Vasilyev, and P. Kumar, Phys. Rev. Lett. 83, 1938 (1999).
E. Lantz and F. Devaux, J. Sel. Top. Quant. Electron. 14, 635 (2008).
P. Kumar, V. Grigoryan, and M. Vasilyev, Proceedings of the 14th Coherent Laser Radar Conference, Snowmass, CO, July 2007.

PQE-2009

251

“Ab Initio Theory of Novel Micro and Nano Lasers”
A. Douglas Stone1, Hakan E. Tureci2, Li Ge1, Robert J. Tandy1 and Stefan Rotter3
1 Yale

University, Department of Applied Physics,
for Quantum Electronics, ETH Zurich,
3 Institute for Theoretical Physics, Vienna University of Technology
2Institute

Conventional laser theory assumes high‐Q cavities and simple lasing modes with
linear mode geometry, and also neglects strong non‐linear modal interactions above
threshold. The interest in fabricating lasers on the micro and nano scale has led to
the development of many new laser structures that are not easily described by such
an approach. A striking example is the random laser, which has no cavity per se and
no high‐Q linear modes at all. We have reformulated semiclassical laser theory to
describe cavities and mode geometries with arbitrary complexity, leakiness and
modal interactions in terms of a single set of non‐linear self‐consistent time‐
independent equations1,2,3. We show that the theory can find the stationary
multimode lasing states of random lasers3 (see figure below) as well as those of
other complex structures such as chaotic dielectric cavity lasers. Recently we have
verified that our time‐independent theory agrees very well with full‐wave time‐
dependent solutions of the Maxwell‐Bloch laser equations for a simple one‐
dimensional edge‐emitting laser4. This opens up the possibility of doing predictive
theory of multimode lasing for more complex 2D and 3D laser structures for which
time‐dependent simulation is difficult if not impossible.

Figure 1: 3D
rendering of
output from
diffusive
random laser

Hakan E. Tureci, A. D. Stone, and B. Collier, “Self‐consistent multimode lasing theory for complex or
random lasing media", Phys. Rev. A 74, 043822 (2006) and cond‐mat/0605673.
2 H. E. Tureci, A. D. Stone and Li Ge, "Theory of the spatial structure of non‐linear lasing modes", Phys.
Rev. A, 76, 013813 (2007) and cond‐mat 0610229.
3 H.E. Türeci, L. Ge, S. Rotter & A.D. Stone, “Strong Interactions in Multimode Random Lasers.” Science
320, 643‐646 (2008).
4 L. Ge, R. Tandy, A. D. Stone, & H. E. Tureci, “Quantitative Verification of Ab Initio Self‐Consistent
Laser Theory”, Optics Express, 16, 16895 (2008).
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Optical combs via cascaded four-wave mixing in a bichromatically pumped
whispering gallery mode resonator.
Dmitry V. Strekalov and Nan Yu

Jet Propulsion Laboratory, California Institute of Technology

Output optical power (dBm)

In the now traditional monochromatically pumped Kerr-based optical comb sources, two pump photons are
converted into a quantum-correlated photon pair. The energy diagram of this process is shown in Fig. 1(a).
This process populates the adjacent to the pump pair of modes as well as those two, three, etc., of the
resonator free spectral ranges (FSR) away from the pump. To generate such a comb in a WGM resonator,
the pump has to exceed a certain threshold power Pth inversely proportional to the square of the resonator
quality factor Q2 . The comb range is limited by the resonator dispersion, which makes excitation of distant
pairs of modes incompatible with the energy conservation. This limitation is especially severe for high-quality
factor resonator whose line width is particularly narrow.
We report a different approach to a four-wave mixing WGM comb, which is based on two pumps coupled
to two WGMs one or several FSRs apart. Then instead of coupling two vacuum fields with two (degenerate)
pump fields, the leading-order interaction couples three pump fields and one vacuum field. For example, on
the energy diagram in Fig. 1(b) two pump photons with frequency ω1 are absorbed, and one pump photon
with frequency ω2 > ω1 is emitted, along with the photon with ω− = 2ω1 − ω2 . A symmetric process
will lead to generation of a photon with ω+ = 2ω2 − ω1 . Since the pump field is usually much stronger
than the new fields, the non-degenerate four-wave mixing is expected to be much more efficient than the
degenerate. Furthermore, we have shown that the non-degenerate process is thresholdless. The high efficiency
and absence of the threshold in this process allow the newly excited modes to serve as additional pumps
efficiently generating still higher order fields. This cascaded process gives rise to an optical comb such as
shown in Fig. 1.
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FIG. 1: On the left: Energy diagrams of previously (a) and presently realized (b) four-wave mixing processes
generating a frequency comb, and the experimental setup (c). On the right: an optical comb observed with two CW
pumps of 2.9 mW each.

Using the experimental setup illustrated in Fig. 1(c) we have demonstrated the comb spacing varying
from one to ten FSR without any appreciable change in the comb behavior. This suggests that the spacing
could be made even larger. Variable spacing of the comb may not be only technically convenient for the
spectroscopy applications, but also may partially compensate the resonator dispersion, which is the main
factor limiting the comb span. We also would like to point out an interesting possibility of creating Moire
comb pattern, by using three or more unequally spaced pump frequencies. This may enable an interesting
approach to optical synthesizers.
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Flapless FemtosecLASIK
Szymon Suckewer
Princeton University
Reshaping of the cornea is a particularly effective way of correcting vision defects
as, in the typical human eye, the refractive power of the cornea accounts for
approximately two-thirds of the total refractive power of the eye. In addition, the
procedure takes about fifteen minutes. Because of the speed, efficacy and simplicity,
LASIK has become a very popular procedure, with over 24.6 million procedures already
performed, and over 6 million procedures being performed annually.
Forming the flap remains the least predictable part of the LASIK procedure and
currently limits the degree to which procedures can be customized for individual
correction of vision defects. Moreover, imperfect healing of the flap is a factor in about
5% of the procedures and may lead to a variety of problems including, but not limited to
flap striae, epithelial ingrowths beneath the flap, diffuse lamellar keratitis, and flap tears.
A highly desirable improvement to the important field of the correction of vision
by reshaping the cornea would, therefore, be to eliminate the need for creating the flap in
LASIK type procedures, which will be the subject of the presentation.
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Optical microcoil resonator
M. Sumetsky
OFS Laboratories, 19 Schoolhouse Road, Somerset, NJ 08873
sumetski@ofsoptics.com

Abstract: The optical microcoil resonator (OMR) is an optical microfiber coil tightly wound on
an optical rod. The resonant behavior of this device is determined by evanescent coupling
between the microfiber turns. Transmission characteristics of an OMR are surprisingly different
from those of the known types of resonators. The theory of the OMR and the progress in its
fabrication and applications are reviewed.
The optical microcoil resonator (OMR) [1,2] is a three-dimensional generalization of the loop and ring resonators.
This resonator can be created by wrapping an optical microfiber on a dielectric rod with smaller or the same
refractive index as illustrated in Fig. 1. Unique properties of an MCR offer a potential of using this device as a
basic functional element for the microfiber photonics [3]. Similarly to the two-dimensional resonant microring

Fig.1. Illustration of an OMR
structures, OMRs can perform complex filtering, time delay, switching, and lasing functions. In addition, OMRbased optical devices have significant advantages over planar devices: smaller dimensions, simple low-loss input
and output connections, possibility of fabrication with feedback, smaller transmission loss than that of a planar
waveguide.
The transmission spectrum of a two-turn OMR is similar to that of a ring resonator. However, for the larger
number of turns, the OMR spectrum is significantly different from the spectrum of other types of resonators. For
very large number of turns, the spectral characteristics of the OMR experience the fractal collapse [2]. The
dispersion relation of an infinitely long OMR transmission line shows that the group velocity has the second order
zero in the collapse points. Depending on the value of the inter-turn coupling, the OMR can behave similarly to the
CROW or SCISSOR.
Fabrication of an OMR is in its initial stage. The first OMR was experimentally demonstrated in [4] by wrapping
a microfiber in a liquid medium, which was refractive index matched to the central rod. This method, which
introduces amazingly small losses in the process of coil assembly, allowed to fabricate a two-turn OMR achieving
Q-factor of 61,000. Other methods of OMR fabrication were developed in Refs. [5,6].
1. M. Sumetsky, “Optical fiber microcoil resonator,” Optics Express 12, 2303 (2004).
2. M. Sumetsky, “Uniform coil optical resonator and waveguide: transmission spectrum, eigenmodes, and dispersion relation,” Optics
Express 13, 4331 (2005).
3. M. Sumetsky, “Basic elements for microfiber photonics: Micro/nanofibers and microfiber coil resonators,” IEEE J. Light. Tech. 26, 21
(2008).
4. M. Sumetsky, Y. Dulashko, and M. Fishteyn, “Demonstration of a multi-turn microfiber coil resonator,” In Postdeadline papers,
Proceedings of Optical Fiber Communication conference 2007, paper PDP46 (Anaheim, 2007).
5. F. Xu and G. Brambilla, “Manufacture of 3-D Microfiber Coil Resonators,” IEEE Photon. Technol. Lett., 19, 1481 (2007).
6. F. Xu and G. Brambilla, “Embedding optical microfiber coil resonators in Teflon,” Opt. Lett. 32, 2164 (2007).
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Cooperative spontaneous emission of N atoms: effect of virtual photons and
classical analogy with N harmonic oscillators
Anatoly A. Svidzinsky, Jun-Tao Chang and Marlan O. Scully
Institute for Quantum Studies and Department of Physics,
Texas A&M University, College Station TX 77843

We consider emission of a single photon from a cloud of N two-level atoms (one atom is excited)
and show that quantum mechanical treatment of the problem is analogous to emission of N classical
harmonic oscillators. We also discuss the effect of virtual photons on system evolution.

Many-body effects in spontaneous emission from N atoms are a subject of current interest [1, 2]. We consider a system of N two level (a and b) atoms at positions rj , initially one of them is in the excited state
a (but we do not know which one) and Ea − Eb = ℏω.
Evolution of the atomic state vector
Ψatom (t) =

N
X

βj (t)|b1 b2 ...aj ...bN >

j=1

is described by equation with exponential kernel [2]
β̇j (t) = −γβj (t) + iγ

We show that in the large sample limit R ≫ λ
(λ = 2πc/ω is the wavelength of the emitted photon, R
is the radius of the atomic cloud) the effect of virtual
photons is negligible for evolution of the |ψ+ i state and
it effectively decays into the ground state without coupling to other states. In the small sample limit R ≪ λ
the decay rate of the |ψ+ i state is also practically unaffected by virtual photon contributions. The results are
summarized in Fig. 1 which shows temporal evolution
of the |ψ+ i state calculated with and without taking
into account virtual photons.

N
X
exp(ik0 |rj − rj ′ |)
βj ′ (t), (1)
k0 |rj − rj ′ |
′

j 6=j

P (t)
+

where γ is the single atom decay rate and k0 = ω/c.
We show that quantum mechanical treatment of a
single-photon emission is analogous to radiation of a
system of N classical harmonic oscillators and Eq. (1)
obtained quantum mechanically is identical to those in
a classical problem when two-level atoms are treated
as classical harmonic oscillators of frequency ω.
We also discuss effect of virtual photons on temporal
and spatial evolution of a state prepared by absorption
of a single photon
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where k0 is the wave vector of the incident photon. An
initial state decays via Weisskopf-Wigner spontaneous
emission processes accompanied by virtual transitions.
If we ignore virtual contributions then evolution of the
state vector is given by equation with sinusoidal kernel
β̇j (t) = −γ

1E-5

N
X
sin(k0 |rj − rj ′ |)
βj ′ (t).
k0 |rj − rj ′ |
′

FIG. 1: Probability P+ (t) to find atoms in the state (2) as a
function of time obtained using the evolution equation (1)
with exp kernel (solid line) and (3) with sin kernel (dash
line). Initially atoms are prepared in the state (2). Simulations are made for 10000 atoms randomly distributed in
a sphere with R = 0.2λ, 2λ and 5λ.

(3)

j =1

[1] M. Scully, E. Fry, C.H.R. Ooi and K. Wodkiewicz, Phys.
Rev. Lett. 96 (2006) 010501; M. Scully, Laser Phys.
17 (2007) 635; A.A. Svidzinsky, J.T. Chang and M.O.
Scully, Phys. Rev. Lett. 100 (2008) 160504.
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Nonlinear Reflectivity of Fibonacci Quantum Wells
J. Sweet1, J. Hendrickson1, B. C. Richards1, G. Khitrova1, A. N. Poddubny2, E. L. Ivchenko2, M. Wegener3,
M. Werchner4, M. Schafer4, M. Kira4, S. W. Koch4, H. M. Gibbs1
1

College of Optical Sciences, The University of Arizona, Tucson, AZ 85721
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Quasicrystals are highly curious structures which lie within the gray area between complete periodicity and total
randomness. The positions of the elements of such a structure obey an underlying construction principle; therefore,
even though the elements of a quasicrystal are not periodic, they are deterministic. One way in which to create an
active 1-D quasicrystal is through the growth of a quantum well stack where the spacing between each quantum well
is grown according to the Fibonacci recursion relation.
Recently, linear reflectivity experiments were performed on a Fibonacci photonic quasicrystal [1]. These data show
that quasicrystals have both similarities and differences with their periodic counterparts; while a photonic stopband
arises in both cases when the Bragg condition is fulfilled, only the Fibonacci structure displays both broad and fine
structure dips within its stopband. Most notably, a very sharp and narrow dip appears in the quasicrystal spectrum,
motivating the exploration of its nonlinear behavior for potential optical switching and slow light applications.
Nonlinear reflectivity measurements were performed with resonant femtosecond pulses. The quasiperiodic QW
sample (FIB13) [1] was grown on a (001) GaAs substrate using MBE and contains 54 quantum wells with a GaAs
well thickness of 22 nm and 5-nm-thick Al0.3Ga0.7As barriers. The Fibonacci sample target lengths, approximately
82 nm and 134 nm at Bragg, were then reached by growing Al0.04Ga0.96As superlattices. For these single-beam
experiments the sample was excited with a 7.6-nm-wide 100-fs pulse from a Titanium-sapphire laser, centered at the
heavy-hole excitonic resonance. The time integrated spectrum of the reflected signal was detected by a Si CCD
array after it was dispersed by a spectrometer. In the low-power linear regime, the reflectivity spectra match those
obtained with a tungsten lamp [1]. As the power is increased the fine structure dips in the spectra broaden and
disappear.
The reflectivity of the structure was modelled using a transfer-matrix approach for the electromagnetic field. The
linear and nonlinear optical quantum-well susceptibility is computed solving the microscopic semiconductor Bloch
equations including excitation induced dephasing and excitonic correlations. The bandstructure is obtained at the
level of standard k⋅p theory. The relatively small amount of structural disorder is modelled by introducing a
phenomenological inhomogeneous broadening that matches the linewidth and shape of the linear single-quantumwell results. These structural input parameters are all determined from comparison with the linear response and not
changed for the calculations of the optical nonlinearities. There is excellent qualitative agreement between the
computed and experimentally measured nonlinear reflectivity.
Even though the theory computes the reflectivity as a function of a nonresonantly excited incoherent carrier density,
the experiment was performed with a resonant broadband pulse. However, the high-energy tail of the pulse
spectrum overlaps the heavy-hole continuum, whereas most of the pulse spectrum resonant with the heavy-hole
transition is reflected. It remains to be checked that band-to-band absorption dominates over resonant absorption.
Also of interest is the structural disorder introduced within each quantum well due to imperfections in the growth
process. This made it necessary to use a non-Lorentzian lineshape to accurately describe the susceptibility of the
Fibonacci multiple quantum well structure. The data are fit best by an asymmetric lineshape with a fast drop off on
the lower energy side, much like that measured directly for InGaAs/GaAs quantum wells used for periodic quantum
well studies [2] and expected for disordered quantum wells.
The Tucson group acknowledges support from AFOSR and NSF.
References
[1] J. Hendrickson et al., Opt. Express 16, 15382-15387 (2008).
[2] J. P. Prineas et al., Phys. Rev. B 61, 13863-13872 (2000).
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Exponential Sums Algorithm based on Optical
Interference: Factorization of arbitrary large numbers
in a single run
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Abstract:
The factorization of large numbers N is a lot more difficult than the reverse operation of
multiplying large prime numbers. This difficulty is at the basis of encryption systems. A more
recent approach to factorization, proposed by W. Schleich, exploits the periodic properties of
truncated exponential sums [1, 2, 3, 4] of order j, with j integer greater than one. We present
a new factorization algorithm based on the implementation of exponential sums using optical
interference and exploiting the spectrum of the light source. Such a goal is achievable with the
use of two different kinds of optical interferometers with variable optical paths: a liquid crystal
grating and a generalized symmetric Michelson interferometer. This algorithm allows, for the
first time, to find, in a single run, all the factors of an arbitrary large number N .
References
1. W. Merkel, I.Sh. Averbukh, B. Girard, G.G. Paulus, and W.P. Schleich, Fortschr. Phys. 54, 856 (2006)
2. M. Mehring, K. Müller, I.Sh. Averbukh, W. Merkel, and W.P. Schleich, Phys. Rev. Lett. 98, 120502 (2007).
3. M. Gilowsky, T. Wendrich, T. Muller, Ch. Jentsch, W. Ertmer, E.M. Rasel and W.P. Schleich, Phys. Rev.
Lett. 100, 030201 (2008).
4. D. Bigourd, B. Chatel, W.P. Schleich, and B. Girard, Phys. Rev. Lett. 100, 030202 (2008).

PQE-2009

258

Mechanisms of Virus Assembly Probed by Raman Spectroscopy
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Abstract: Mechanisms controlling virus assembly differ fundamentally from the mechanisms of
assembly of simple biomolecular complexes. Typically, multiple sub-pathways and numerous
discrete steps are involved. In the assembly of the bacteriophage P22 icosahedral viral capsid, a
precursor shell or procapsid is formed initially from hundreds of copies of a virally-encoded coat
protein subunit with the help of multiple copies of a scaffolding protein subunit. A few
specialized proteins, including a portal protein and related factors, are localized at a single vertex
of the nascent shell. The portal ultimately provides a channel through which viral DNA is
translocated. Subsequently, a motor protein complex called terminase (gp2, gp3) translocates
the viral genome through the portal channel, while the procapsid releases its scaffolding subunits
and undergoes a structural expansion to achieve the dimensions of the mature capsid. The capsid
thus acquires its genetic payload and is transformed into the architecture of an infectious particle.
In the final steps, the portal vertex is completed by accessory proteins and the host adhesin
(tailspike). 3D structures of the P22 coat, scaffolding, portal, ejection, terminase and accessory
proteins and the details of their mutual recognition are largely unknown. We have employed
Raman spectroscopy, as well as complementary biophysical methods, to investigate these viral
protein structures and their interactions along the assembly pathway. Distinct and novel
architectural motifs are revealed. Overall, the results demonstrate how molecular structures and
mechanisms underlying virus assembly and function can be conveniently and uniquely explored
by Raman spectroscopy.1

Figure 1. Left: Phage P22 morphogenetic pathway. Procapsid assembly from coat, scaffolding, portal and ejection proteins is shown at
top. Terminase assembly from small (gp3) and large (gp2) subunits and viral DNA is depicted in the middle. Capsid completion,
involving attachment of accessory and tailspike proteins, is shown at bottom. An electron micrograph of the mature P22 virion is at
lower left. Right: Representative Raman spectra of genetic variants of the terminase small subunit (gp3). The difference spectrum
(bottom trace) illustrates the sensitivity of the Raman signature to a single point mutation in the protein core.

1. Němeček, D., Gilcrease, E.B., Kang, S., Prevelige, P.E.,Jr., Casjens, S. & Thomas, G.J.,Jr. (2007) J. Mol. Biol.
374, 817-836.
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Fermi Gases with Tunable Interactions
J. E. Thomas
Physics Department, Duke University, Durham, NC 27708-0305
Optically-trapped mixtures of Fermi atoms in different hyperfine states are a new
paradigm for exploring interacting Fermi systems in nature. Using a bias magnetic field
tuned near a collisional (Feshbach) resonance, a dilute Fermi gas becomes the most
strongly interacting nonrelativistic system known. This ultracold gas enables tests of
nonperturbative many-body theories in disciplines from high temperature
superconductors to nuclear matter. Our studies of universal
thermodynamics and quantum viscosity reveal nearly perfect
fluidity, of great interest in the quark-gluon plasma and string
theory communities. At the opposite extreme,
by tuning to a very weakly interacting regime, we observe nearly undamped
spin-waves in coherently prepared clouds.
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Cooling and Entanglement in Cavity Optomechanics
Paolo Tombesi
Department of Physics, University of Camerino, 62032 Camerino, Italy

Researchers in diverse fields of micro- and nano-mechanical systems, gravitational wave
interferometers and quantum optics are approaching a regime where the radiation pressure effects of
light have influence on the dynamics of mechanical systems.
The emerging field of “Cavity Quantum Optomechanics” in the last few years has experienced a
remarkable growth. At present a series of groups worldwide are studying these interactions in views of
generating non-classical light using pondermotive squeezing, and using the optomechanical
interactions as a resource for entangling optical and mechanical degrees of freedom. In 2006 almost
contemporarily four research groups published their relevant results in the challenge of reaching the
ground state cooling of a mechanical oscillator by the radiation pressure of a detuned optical cavity mode
or by feedback cooling.
In this talk I shall provide a general framework to describe the cooling of a micromechanical oscillator to
its quantum ground state by means of radiation-pressure coupling with a driven optical cavity. Then, how
to apply it to two experimentally realized schemes: back-action cooling via a detuned cavity and colddamping quantum-feedback cooling, and determine the ultimate quantum limits of both schemes for the
full parameter range of a stable cavity will be shown.
The stationary entanglement between an optical cavity field mode and a macroscopic vibrating mirror
generated by means of radiation pressure and the suggestion of an experimental readout-scheme to fully
characterize the entangled state will be discussed. I shall show that by a proper choice of the readout
(mainly by a proper choice of detection bandwidth) one can not only detect the already predicted
intracavity entanglement but also optimize and increase it.
The scheme for the realization of a hybrid, strongly quantum-correlated system formed of an atomic
ensemble surrounded by a high-finesse optical cavity with a vibrating mirror will be shown, and finally that
the steady state of the system shows tripartite and bipartite continuous variable entanglement in
experimentally accessible parameter regimes, which is robust against temperature.
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Multiphoton transitions in the strong field limit: From atoms to
molecules
Carlos A. Trallero-Herrero1 , Stephen D. Clow2 and Thomas C. Weinacht2
1
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2
Department of Physics Stony Brook University, Stony Brook, NY 11794
shapes such as a spectral phase shift of π and quadratic
chirps are changed together with the intensity. Atomic
Na is used were we target the non-resonant two photon
transition between the 3s and the 4s states as well as
the three photon transition from the 3s to the 7p state.
Results from the two photon transition are shown in
Fig. 1 and for the three photon case in Fig. 2. As can be
seen from both graphs, our model can explain the experimental data to a great detail for all ranges of intensities.

Abstract
We study multiphoton transitions in the
strong field limit between two and three levels. After presenting the theoretical framework
for the quasi-phase matching condition under
which a π pulse can be achieved, we perform
experiments in atomic Na that validate our formalism. The possibility to export the current
model to molecular systems is also presented
together with some preliminary results.

Population inversion in multiphoton transitions is
possible with strong fields [1, 2]. At these intensities,
a distorsion of the atomic levels due to the presence of
the Dynamic Stark Shift (DSS) is expected. It is only
by compensating for the DSS that the full population
can be transferred to the excited state.

Figure 2: a) Measurement of 7s − 3p and 6d − 3p fluorescence as a function of chirp. b) Simulation of the 7p
population as a function of pulse energy and chirp.
In the case of molecules, we incorporate the effect
Figure 1: a) Experimental measurement of the 4s pop- of the inherent dynamic over a potential energy surface
ulation as function of pulse energy (equivalent to peak (PES) once a wave packet is launched to the excited
intensity) and π flip position. b) Line outs of a) for three state. The resemblance to the atomic case is striking
different pulse energies. c) Simulation of the 4s popu- allowing to make some predictions in this more complilation as function of peak intensity and π flip position. cated case.
d) Line outs of c) for different intensities. The solid,
dashed, and dotted lines are for I = 0.01I0 , I = 0.5I0 ,
and I = I0 respectively. The dark regions correspond References
to higher population transfer.
In this work we present the theory under which π [1] C. Trallero-Herrero, J. L. Cohen, and T. C.
Weinacht, Phys. Rev. Lett. 96, 063603 (2006).
pusles in non-resonant multiphoton transitions between
two or three levels can be achieved. The formalism de- [2] S. D. Clow, C. Trallero-Herrero, T. Bergeman, and
velops into a quasi-phase matching between the field
T. Weinacht, Physical Review Letters 100, 233603
and the atomic levels. The theoretical model is ratified
(2007).
by experimental data. In the experiments, simple pulse
1
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Precision Test of Lorentz Invariance using EIT
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Modern physics is almost completely described by two elegant theories, General Relativity and the Standard model. It is
therefore fair to say that most physicists would agree that these are approximations of an overarching theory that is yet to
be discovered. There is one thing they both agree upon, however, that at all length scales: The universe should be
Lorentz symmetric. As a result of this, the Lorentz symmetry lies at the heart of all modern physics and at a fundamental
enough level that it forms part of the foundations of everything we do. As perverse as it might sound, it is due to this
fundamental position relative to all modern physics, that people have begun to examine its unique position and ask ``Are
the Lorentz transformations only an approximate symmetry?"
It is widely expected that at the Planck scale MP≈1019GeV there is a complete unified description of nature which is
consistent with the standard model and general relativity[1]. To date, all theoretical constructions allow for, if not
introduce, Lorentz violation at some level[2]. It has also been shown that string theory allows for spontaneous violations
of the Lorentz symmetry in the early universe[3]. Unfortunately though, the energy scales required to test these theories
are often unattainable. At present, and probably for a very long time to come, direct experiments at the Planck scale are
impossible. Nevertheless, it has recently been suggested that extremely sensitive experiments, performed at low-energy
scales, might be able to observe remnants of these Planck scale effects with Lorentz violation being one of the candidate
observables[1].

Figure 1. The Ives-Stilwell test of relativity. Two lasers (1 and 2) are simultaneously resonant with a transition in an
atom moving with velocity V.
To accommodate possible violations of Lorentz invariance in the standard model, Kostelechy and coworkers have
developed a standard model extension that is a Lorentz violating perturbation electrodynamics. This allows very different
experiments to be analysed in the same framework and also allows theory to be formulated from first principles, rather
than as an adhoc modification. The particular test that we are interested in is the Ives-Stilwell test (figure 1) where we
compare the Doppler shift of a moving atomic clock relative to a stationary clock. In a recent paper we suggested that the
narrow resonances found in EIT may provide a path to substantially increased accuracy in precision tests of relativity[4].
In the EIT test of relativity that we are performing, the moving clock is an EIT resonance in a moving rubidium-87 atom
and the stationary clock is an atomic clock linked to the exciting laser via a frequency comb[5]. Recent results and a
theoretical analysis of the problem in the Standard Model Extension will be presented.
1. V. A. Kostelecky and M. Mewes, Signals for Lorentz violation in electrodynamics, Phys. Rev. D., 66, 056005 (2002)
2. David Mattingly, Modern Tests of Lorentz Invariance, Living Rev. Relativity, 8:5, (2005)
3. V. A. Kostelecky and S. Samuel, Spontaneous breaking of the Lorentz symmetry in string theory, Phys. Rev. D., 39:2, (1989)
4. B. T. H. Varcoe, Testing special relativity using slow light, Contemporary Physics, 47, 25, (2006)
5. J. P. Cotter, PhD Thesis, (2008)
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Coherent Raman microscopy:
Exploring the chemical and physical structure of individual
biopolymers, living cells, and tissue

Andreas Volkmer
3rd Institute of Physics, University of Stuttgart, Stuttgart – 70550, Germany.

ABSTRACT
A series of recent advances have made coherent anti-Stokes Raman scattering (CARS)
microscopy a powerful tool in the life and material sciences. It allows the noninvasive
vibrational characterization of chemical species or biological components within a
complex heterogeneous system, e.g. a living cell, with high detection sensitivity, high
spatial resolution, and three-dimensional sectioning capability [1,2].
By accessing the full wealth of the spectroscopic information content in the
frequency-domain, our efforts have been focused on the non-invasive and quantitative
mapping of different chemical component concentrations and the chemical and physical
structure information of biological systems at different degrees of complexity, such as
individual biopolymers, living cells, and tissue. Furthermore, we will present a new
approach to coherent Raman microscopy that goes beyond CARS microscopy.

References:
1. J.X. Cheng and X. S. Xie, J. Phys. Chem B, 108 (2004) 827.
2. A. Volkmer, J. Phys. D: Appl. Phys., 38 (2005) R59-R81.
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Broadband laser heterodyne spectroscopy using
an external cavity quantum cascade laser
Damien Weidmann 1 and Gerard Wysocki 2
1

Space Science and Technology Department, STFC Rutherford
Appleton Laboratory, Didcot, Oxfordshire, OX11 0QX, UK
2
Department of Electrical Engineering, Princeton University,
Princeton, NJ 08544, USA

Laser heterodyne spectro-radiometers (LHRs) allow passive remote sensing with the combination
of high resolving power (>106), high sensitivity, and small field of view. Key applications of LHRs
include the characterization of astronomical sources and the profiling of molecular compounds in
the Earth’s atmosphere. Two important atmospheric transparency windows lie in the thermal
infrared, which is also the spectral region where most of molecules of atmospheric relevance
exhibit intense fundamental ro-vibrational transitions. The advent of quantum cascade lasers
(QCLs), whose frequency can be precisely tailored, has enabled the development of LHRs
operating in the thermal infrared range and within a highly optimized micro-window. Distributed
feedback (DFB) QCLs, now operating continuously at room temperature, offer the level of
specification required for laser heterodyne local oscillators: high output power, high spectral
purity, good beam quality, and continuous frequency tuning. An LHR based on a DFB QCL
operating at 9.7 μm and targeting atmospheric ozone is briefly presented.
The frequency of DFB QCLs is typically continuously tunable within 1% of the laser central
frequency, which is sufficient for single specie monitoring but does not allow multi-species and
broadband absorbers remote sensing. As QCL gain curve can be as wide as 300 cm-1 (with
heterogeneous cascade and/or bound-to-continuum designs of the active region), external cavity
configuration offers a way to significantly extend the tuning range of QCLs up to >15% of the
center wavelength.
We report on the development of a widely tunable LHR using an external cavity QCL as local
oscillator. The instrument covers more than 100 cm-1 at a central frequency of 1190 cm-1.
Evaluation and demonstration have been performed both in transmission and emission modes
using a broadband absorber (Freon 12) and a light molecule (N2O) with well resolved rovibrational transitions as target compounds.

100 cm wide heterodyne emission spectrum of 2% of
Freon 12 in air at atmospheric pressure, contained in a
51 mm long cell.

Four high resolution transmission spectra of N2O lines located
1
within the 1150-1260 cm range. The lower plot shows the
HITRAN2004 N2O absorption line intensities located in the ECQCL range. Arrows indicate where the laser central frequency
has been set to perform the fine continuous tuning.
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CARS and FAST-CARS detection of biological
molecules such as glucose and cholesterol.
George R. Welch (presenting), Alexei Sokolov, Xi Wang, and Miaochan Zhi
Department of Physics, Texas A&M University, College Station, TX, 77843, USA

Abstract
The daily accurate and reliable monitoring of blood glucose levels is critical to
helping diabetic patients, particularly Type-I diabetics who are the most acute sufferers, manage their condition. Furthermore, reliable non-invasive measurement of
other molecules, particularly those in blood such as cholesterol, is important. The
Raman and CARS spectrum of these molecules has been studied, but quickly and reliably detecting them in blood, and scattering media such as tissue, remains difficult.
We have attempted to find ways to optimize these spectroscopic signals using
femtosecond laser pulses. In particular, we have based our experiments on the ideas
behind FAST-CARS [1] and further studied how temporally lengthening the probe
laser pulse can help reach higher sensitivity. This ideas has been very successful for
other organic molecules in the context of detecting bacterial spores [2].
We will show our results on detection of glucose in water and blood, as well as
preliminary results detecting cholesterol. Pulse timing plays a crucial role in reaching
higher sensitivity.
[1] Scully et al., Proc. Nat. Acad. Sci. 99, 10994 (2002).
[2] Pestov et al., Science, 316, 265, (2007).
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Tunneling time in photonic barriers
Herbert G. Winful
EECS Department, University of Michigan, Ann Arbor, MI 48109
Abstract: A general approach to tunneling time is applied to photonic bandgap
structures and to frustrated total internal reflection. It is shown that the group delay is the
sum of the dwell time and a self-interference delay. An explicit expression is derived for
the self-interference delay. The saturation of the group delay with barrier length
(Hartman effect) is explained as a result of the saturation of stored energy. Experimental
results are presented that show the spatio-temporal evolution of a tunneling pulse in an
electromagnetic bandgap.

PQE-2009

267

Novel orbital physics with fermions in optical lattices
Congjun Wu, University of California, San Diego
Orbitals, a degree of freedom characterized by orbital degeneracy and spatial
anisotropy and independent of change and spin, play important roles in
magnetism and superconductivity in transition metal oxides. In this talk,
we will show that the rapid progress of cold atom physics has opened up an
opportunity to study novel features of orbital physics, which do not appear
usual solid state systems. In particular, the p$_{x;y}$−orbital system of
the honeycomb lattice exhibits amazingly rich and fundamentally different
behavior from that in the $p_z$−orbital system of graphene. Its flat band
structure dramatically amplifies interaction effects, providing a natural
way to study non−perturbative strong correlation phenomena such as Wigner
crystallization, and ferromagnetism which is an important field in condensed
matter physics but has not attracted much attention in the cold atom community.
Furthermore, in the Mott−insulating states, the orbital degree of freedom
enables superexchange interactions as spin does. We will show how spatial
anisotropy generates frustration in such systems, which leads to a promising
way to the exciting orbital liquid states. At last, we will present that
a topological insulating phase occurs in the presence of the lattice
rotation, as an orbital analogy of the quantum anomalous Hall effect of
electron systems.
References
1. Congjun Wu, "Orbital analogue of quantum anomalous Hall effect
in $p$−band systems", Phys. Rev. Lett. 101, 186807 (2008).
2. Shizhong Zhang, Congjun Wu, "Proposed realization of itinerant
ferromagnetism in optical lattices", arXiv:0805.3031.
3. Congjun Wu, "Orbital orderings and frustrations of p−band systems
in optical lattices", Phys. Rev. Lett. 100, 200406 (2008).
4. Congjun Wu , and S. Das Sarma, "The $p_{x,y}$−orbital counterpart
of graphene: cold atoms in the honeycomb optical lattice", Phys. Rev. B
77, 235107 (2008).
5. Congjun Wu, Doron Bergman, Leon Balents, and S. Das Sarma,
"Flat bands and Wigner crystallization in the honeycomb optical attice",
Phys. Rev. Lett. 99, 70401 (2007).
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Brightness and Phase Space Considerations in FEL Optimization
Jonathan S. Wurtele1,2 , M. Gullans3, G. Penn2, M. Venturini2, A. A. Zholents2, and M.
Zolotorev2
1
Department of Physics, University of California at Berkeley, Berkeley, CA 94720
2
Center for Beam Physics, Lawrence Berkeley National Laboratory Berkeley, CA
94720
3
Department of Physics, Harvard University, Cambridge, MA 02138
Free-electron lasers (FELs) are being proposed, and built, as coherent X-ray sources for a
wide variety of scientific applications (see, for example, the talk by A. Zholents at this
workshop). X-ray FELs require a high brightness (high current and small phase space
volume) electron bunch. The six-dimensional beam brightness is an invariant under
Liouvillian flow. Non-dissipative manipulations of the phase space should not decrease
this brightness. A small signal theory is developed for the three-dimensional FEL
equations using a length scale derived from the beam brightnessa. The optimal peak gain
then scales linearly with current. This is in contrast to the one-third power current-scaling
that is found by the one-dimensional FEL theory. Furthermore, the ability to reach the
peak gain for a given brightness is seen to depend on transverse focusing strength and the
longitudinal energy spread (peak current). There are practical limits imposed by the
injector and accelerator systems. For example, the realizable brightness is constrained by
both collective instabilities. The brightness-scaled formalism is used to compare various
proposalsb for enhancing FEL performance.
Work supported by the DOE.
a

M. Gullans, G. Penn, J. Wurtele and M. Zolotorev, Phys. Rev. ST Accel. Beams 11,
060701 (2008)
b
Numerous talks discussing concepts for future X-ray FELs can be downloaded from the
website of a recent workshop on X-ray FEL R&D at the website
http://www-afrd.lbl.gov/xrfel/X-RAY_FEL_WORKSHOP.html
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Factorization with Gauss Sums
S.Wölk, C. Feiler and W. P. Schleich

Institute of Quantum Physics, University of Ulm, 89069 Ulm, Germany
sabine.woelk@uni-ulm.de
Abstract: In this talk, we will show some possibilities of factoring numbers
with Gauss sums and summarize the experimental results.
Factoring large numbers N is one of the problems, for which analogue computers
need exponential time. Quantum computers on the other hand, can do this in
polynomial time. In 1994 P. Shor introduced his famous quantum algorithm
[1] for this problem, but it is still difficult to realize it experimentally. As a
consequence so far only the number N = 15 was factored with this algorithm.
For this reason we study the alternative route to factorization using Gauss
sums [2,3]. They manifest themselves in various phenomena such as the Talbot
effect, wave packet dynamics, quantum carpets [4] and several experiments [511] based on our factorization scheme. The factoring experiments are situated in
different areas of physics, using for example NMR techniques [5,6,7], the physics
of cold atoms [8] and Bose Einstein condensates [9] as well as femtosecond pulses
[10,11]. At the moment the largest number that was factored using a Gauss sum
algorithm is a 17 digit number.
References:
[1] P. Shor, Proceedings of the 35th Annual Symposium on Foundations of
Computer Science,IEEE Computer Society Press, New York (1994)
[2] For an introduction into number theory see for example: H. Maier and W.P.
Schleich, Prime Numbers 101, Wiley-VCH, New York (2008)
[3] see for example: W. Merkel et. al., in: Elements of Quantum Information,
Eds. W.P. Schleich and H. Walther, Wiley-VCH, Weinheim (2007), S. 339-353
[4], M. Berry et. al., Physics World 14, 39-44 (2001)
[5] M. Mehring et. al., Phys. Rev. Lett. 98, 120502 (2007)
[6] T.S. Mahesh et. al., Phys. Rev. A 75, 062303 (2007)
[7] X. Peng and D. Suter, EPL 84, 40006 (2008)
[8] M. Gilowski et. al., Phys. Rev. Lett. 100, 030201 (2008)
[9] M. Sadgrove et. al., Phys. Rev. Lett. 101, 180502 (2008)
[10] D. Bigourd et. al., Phys. Rev. Lett. 100, 030202 (2008)
[11] S. Weber et. al., EPL 83, 34008 (2008)
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Experiments on applying surface enhancement in FAST-CARS
Hui Xia1,2, Arthur Dogariu1, Chao Lu1, Szymon Suckewer1, Marlan O. Scully1,2
1. Applied Physics and Materials Science Group, Engineering Quadrangle, Princeton University, Princeton, NJ 08544
2. Insitute for Quantum Studies and Department of Physics and Chemical Engineering, Texas A&M University, College
Station, TX 77843

Recent developments in FAST (femtosecond adaptive spectroscopic techniques)-CARS
have demonstrated capability of

real-time detection of bacterial endospores[1,2,3].

Dipicolinic acid (DPA) molecules in as few as 104 Bacillus subtilis spores were detected in
10-3 seconds, or even single shots. Further possible improvement in the technique with
established enhancing Raman methods, for example, Surface Enhanced Raman
Spectroscopy (SERS), would be of interest and desirable. Initial experimental
investigations on the approaches of applying the SERS technique with structured metal
surfaces will be presented and discussed.

References:
1. Pestov D, et al. Science 316, 265-268 (2007).
2. Pestov D, et al. PNAS 105, 422-427 (2008).
3. Dogariu A, et al. J. Appl. Phys. 103, 036103 (2008).
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Single Molecule and Nonlinear Raman Microscopy for Biology and Medicine
X. Sunney Xie
Harvard University
Cambridge, Massachusetts
Gene expression and regulation can now be probed at the single-molecule level in a
living cell, bringing new insights into fundamental life processes. Metabolite and drug
molecules can be imaged in live cells or organisms without fluorescent labels, allowing
new possibilities in biomedicine.
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Can two-photon interference of thermal light be
considered as statistical correlation or anti-correlation
of intensity fluctuations?
Zhenda Xie, Sanjit Karmakar, Hui Chen and Yanhua Shih
Department of Physics, University of Maryland, Baltimore County, Baltimore,
MD 21250
sanjitk1@umbc.edu

Abstract: We have observed nontrivial spatial correlation and anti-correlation from a
∼200 femtosecond pulsed chaotic-thermal light source. The same thermal light intensity fluctuations as that of Hanbury Brown and Twiss experiment seems own both a correlation and an
anti-correlation nature. The classical statistical intensity fluctuation correlation theory failed to
give an adequate interpretation. In the view of quantum mechanics these observations are the
result of two-photon interference.
The surprising Hanbury Brown and Twiss (HBT)[1] correlation has been interpreted as the statistical correlation of intensity fluctuations and considered as classical effect. In 2006, Scarcelli et al. [2] demonstrated a
near-field lensless ghost imaging experiment with thermal light and suggested an alternative physical cause
of two-photon interference behind the nontrivial point-to-point image-forming correlation.
In this paper, we wish to challenge the classical statistical intensity fluctuation correlation theory from
a different angle by reporting two experiments. Experiment one observed a nontrivial spatial correlation.
In experiment two, the same intensity fluctuation of thermal light as that of the HBT experiment and our
experiment one is able to produce a statistical “anti-correlation”. The classical concept of intensity fluctuation
cannot give an adequate interpretation.
The correlation for a short pulsed radiation is easily to be viewed as a classical convolution between the two
measured pulses. According to classical statistical intensity fluctuation correlation theory, the convolution
of the two pulses should produce the same correlation at any transverse position of the two photodetectors.
However, the measurements showed a different story. We have observed a nontrivial spatial correlation
function and an ant-correlation function from the same chaotic-thermal light source, which are reported in
Fig. 1(a) and Fig. 1(b), respectively.

Fig. 1. (a)A typical measured second-order spatial correlation function for a pulsed chaotic-thermal light
source. ( b)Measured coincidence counting rate between D1 and D2 during the scanning of xA , which is
converted into optical delay in femto-second.

These observations indicate the failure of the classical statistical intensity fluctuation correlation theory. In
the view of quantum mechanics, the observed nontrivial correlation and anti-correlation are both straightforward results of two-photon interference.
References
1. R. Hanbury Brown and R. Q. Twiss, Nature (London) 177, 27 (1956); 178, 1046 (1956); R. Hanbury Brown, Intensity
Interferometer (Taylor & Francis, London, 1974).
2. G. Scarcelli, V. Berardi and Y. H. Shih, Phys. Rev. Lett., 96, 063602 (2006).
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Stimulated Raman scattering: old physics, new applications
Vladislav V. Yakovlev1, Georgi I. Petrov1, Hao F. Zhang2, Gary D. Noojin3,
Michael L. Denton3, Robert J. Thomas4, & Marlan O. Scully5,6
1

2

Department of Physics, University of Wisconsin – Milwaukee, Milwaukee, WI 53201, USA
Department of Electrical Engineering, University of Wisconsin – Milwaukee, Milwaukee, WI 53201, USA
3
Life Sciences Research and Applications Department, Northrop Grumman, San Antonio, TX 78228
4
U.S. Air Force Research Laboratory, 711th HPW/RHDO, Brooks City-Base, TX 78235
5
Department of Physics, Texas A&M University, College Station, TX 77840
6
Department of Mechanical and Aerospace Engineering, Princeton University, Princeton, NJ 08544
Phone: 414-229-3978, Fax: 414-229-5589, Email: yakovlev@uwm.edu

Abstract: Stimulated Raman scattering as a promising way of expanding the tunability of
ultrafast lasers and as an exciting new biomedical imaging modality capable of selective
excitation and chemically-specific diagnostics of molecular species.

Stimulated Raman scattering (SRS) was the first nonlinear Raman spectroscopy, which was
experimentally observed by Woodbury and Ng [1] and later theoretically described by Hellwarth
[2]. Recently, a renewed interest in SRS effects was fueled by the possible applications for allsilicon tunable lasers [3].
In this report, we will discuss two exciting new applications of SRS. The first one is related to
generation and amplification of transform-limited picosecond pulses for resonance Raman
scattering and microscopy. We used a microjoule-level, MHz-rate, picosecond Nd:YVO4 laser to
amplify a narrowband portion of white-light continuum in YVO4 material with a quantum
efficiency exceeding 50% [4]. By utilizing the subsequent nonlinear optical mixing processes, a
discrete set of UV wavelengths ranging from 212 to 250 nm was simultaneously generated.
In the second application, stimulate Raman process was used to selectively excite a vibration
level of a given molecule [5]. The energy transformed to molecular system gives rise to a
thermal expansion, which, in its turn, generates thermoelastic waves, here and after called
photoacoustic waves. The amplitude of those waves is directly proportional to the concentration
of molecular species in a given volume, and their position can be accurately retrieved using a
standard procedure used in ultrasound imaging. Thus, high-resolution, chemically-specific
images can be acquired at the depth of a tissue, which is not accessible by traditional optical
imaging techniques such as Raman and coherent anti-Stokes Raman microscopies [5].
References:
[1] E. J. Woodbury and W. K. Ng, Proc. I. R. E. 50, 2367 (1962).
[2] R. W. Hellwarth, Phys. Rev. 130, 1850 (1963).
[3] H. Rong, R. Jones, A. Liu, O. Cohen, D. Hak, A. Fang, M. Paniccia, Nature 433, 725 (2005).
[4] G. I. Petrov, V. V. Yakovlev, T. Taira, Opt. Lett. (2009) In preparation.
[5] V. V. Yakovlev, H. F. Zhang, G. D. Noojin, M. L. Denton, R. J. Thomas, M. O. Scully,
Nature Photonics (2008) Submitted.
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“Backward Heisenberg Picture” Approach for Spontaneous
Parametric Down-Conversion and Spontaneous Emission
Zhenshan Yang1, Marco Liscidini2, Marlan O. Scully1, Weng W. Chow1,3, and J. E. Sipe2
1. Institute for Quantum Studies and Department of Physics, Texas A&M university, College Station, TX 77843, USA
2. Department of Physics, University of Toronto, Toronto, Ontario M5S 1A7, Canada
3. Sandia National Laboratories, Albuquerque, NM 87185, USA

Abstract: A fully quantum-mechanical approach is introduced to analyse spontaneous parametric
down-conversion (SPDC). This approach allows us to effectively describe SPDC even in multiphoton-pair generation processes. We also apply it to the study of spontaneous emission of two-level
atoms.
Spontaneous parametric down-conversion (SPDC) [1] is widely used in the generation of entangled photons in
quantum information processing. The theoretical analysis of many quantum features, particularly the entanglement, of
the output fields in SPDC requires an explicit expression for the final quantum state. When the conversion efficiency is
sufficiently low such that the probability of creating more than one entangled photon pair is negligible, the single
photon pair (if generated) is fully characterized by a bi-photon wave-function. In this case, one can usually work in the
Schrodinger picture to find the bi-photon wave-function. On the other hand, if the total energy of the pump pulse is
sufficiently high, multiple pairs of entangled photons may be created. For this multi-photon-pair generation process,
most descriptions use a Heisenberg picture approach followed by a Bloch-Messiah reduction [2], and treat the pump
pulse classically.
Here we introduce an approach to solve for the final quantum state in the Schrodinger or interaction picture by
converting the problem to a “backward Heisenberg picture.” In this backward Heisenberg picture, operators formally
obey the usual Heisenberg equations, but evolve “backward” in time, and remarkably the solution for the operators
constructing the initial state from the vacuum state is all that is required to obtain the final quantum state in the
Schrodinger or interaction picture.
The backward Heisenberg picture approach can be briefly explained as follows [1,3]. We consider a quantum system
characterized by a time-independent Hamiltonian H in the Schrodinger picture, with an initial state at t = t0 that is
constructed from the vacuum state vac as ψ ( t 0 ) = G [O ] va c , where G is a function and O is some Schrodinger
operator. Using the Schrodinger equation and assuming H vac = 0 , we obtain the final state at t = t f

ψ (t f
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f

As an example, we use the backward Heisenberg picture approach to study SPDC in ridge waveguides and microring resonators, as well as spontaneous emission of two-level systems [4].
[1] Z. S. Yang and J. E. Sipe, Opt. Lett. 32, 3296 (2007)
[2] R. S. Bennink and R. W. Boyd, Phys. Rev. A 66, 053815 (2002)
[3] Z. S. Yang, M. Liscidini, and J. E. Sipe, Phys. Rev. A 77, 033808 (2008)
[4] L. Allen and J. H. Eberly, “Optical resonance and two-level atoms,” Dover Publications 1997.
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Refractive Index Enhancement with Vanishing Absorption in an Atomic Vapor
Deniz D. Yavuz, Nick A. Proite, Brett A. Unks, and J. Tyler Green
Department of Physics, 1150 University Avenue, University of Wisconsin-Madison, Madison, WI, 53706

Abstract: We suggest and experimentally demonstrate a new approach for increasing the refractive index
of a gas without increasing absorption to the beam.
Since the birth of quantum and nonlinear optics, one of the key challenges has been if one can achieve
a very large refractive index for a laser beam [1]. A key application of a large refractive index is to optical
imaging science. It is well-known that the wavelength of light inside a refractive medium is λ = λ0 /n, where
λ0 is the wavelength in free space and n is the refractive index. A large refractive index, therefore, corresponds
to a reduced wavelength inside the medium and enhanced imaging and lithographic resolution. A simple
and an efficient way to achieve a large refractive index is likely to have significant practical implications
since, for example, lithographic resolution currently determines the size and the processing power of every
semiconductor integrated circuit.
In this work, we describe a new approach for increasing the refractive index of an atomic vapor without
increasing absorption to the beam [2, 3]. The key idea is to induce two Raman resonances for a weak probe
beam in a far-off resonant configuration and utilize the interference between these two resonances. We have
recently experimentally demonstrated this idea by using two Raman transitions in two isotopes of atomic
Rb, 87 Rb and 85 Rb. A detailed description of our experiment can be found in Ref. [3]. The experiment is
performed in a natural abundance Rb vapor cell at an atomic density of N ≈ 2.4 × 1012 atoms/cm3 . For
Raman excitation, we use F = 2 → F = 1 and F = 2 → F = 3 hyperfine transitions in 87 Rb and 85 Rb
respectively (in ground electronic state 5S1/2 ). In Fig. 1, we measure the intensity of a weak probe beam
simultaneously with the transmission through a pinhole. In essence, the intensity measurement of Fig. 1(a)
probes the gain and absorption on the beam whereas the pinhole transmission measurement of Fig. 1(b)
probes the refractive index. The pinhole transmission, and therefore the refractive index, is maximized at
the point of vanishing gain or absorption on the beam.
Figure 1: Experimental demonstration of the re-
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fractive index enhancement at the point of vanishing absorption. (a) The peak intensity of the probe
beam and (b) the transmission through a pinhole as
a function of probe laser frequency. The transmission
through the pinhole changes as a result of focusing
or defocusing of the beam due to spatial dependence
of the refractive index. The pinhole transmission
and therefore the refractive index is maximized at
the point of vanishing absorption. The solid line in
(a) is a fit that assumes the two resonances to be
Lorentzian. The solid line in (b) is the calculated
refractive index change at the peak of the spatial
profile based on the fit of (a). We see good qualitative agreement between pinhole transmission data
and our calculation.
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Controlling surface plasmons on nanostructured
surfaces
Anatoly V Zayats
Centre for Nanostructured Media, IRCEP, The Queen’s University of Belfast,
Belfast BT7 1NN, United Kingdom
tel: +44-2890-973133, fax: +44-2890-973110, email: a.zayats@qub.ac.uk

Abstract: Surface plasmon polariton behaviour on nanostructured surfaces, such
as waveguides, plasmonic crystals and metamaterials, will be overviewed and
approaches to their active control will be discussed.

Surface plasmon polaritons (SPPs), the electromagnetic excitations coupled to
collective motion of conduction electrons near a metal surface, are emerging as
a new optical information carrier that enables signal manipulation and processing
on the subwavelength scale. Various elements of two-dimensional optics based
on surface plasmon polariton waves, such as mirrors, lenses, resonators, planar
waveguides have been demonstrated. Band-gap effects, enhanced optical
transmission through plasmonic crystals, surface plasmon polariton waveguiding
along straight and bent line defects in such crystals have also been studied. In
this talk the applications of plasmonic nanostructures to light guiding and
manipulation in subwavelength photonic elements, the enhanced nonlinear
functionalities and dispersion management using metallic nanostructures will be
discussed [1—6]. Numerous possible applications of surface plasmon polaritons
can be envisaged in nanophotonics, classical and quantum optical information
processing and optical communications as well as optical and magneto-optical
data storage.

References
1. G.A. Wurtz, A.V. Zayats, Laser & Photonics Reviews 2, 125 (2008).
2. G.A. Wurtz, W. Hendren, R. Pollard, R. Atkinson, L. Le Guyader, A. Kirilyuk,
Th. Rasing, I.I. Smolyaninov, A.V. Zayats, New J. Phys. 10, 105012 (2008).
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R. Pollard, A.V. Zayats, Opt. Express 16, 7460 (2008).

PQE-2009

277

High harmonics from relativistically oscillating plasma surfaces
- a high brightness attosecond source at keV photon energies.
M. Zepf
Department of Physics and Astronomy, Queen’s University Belfast BT7 1NN, UK
Abstract:
The drive towards attosecond timescale physics requires a means of producing broad,
phase-locked spectra in the extreme ultra-violet and X-ray spectral regions. High
order harmonic generation (HOHG) from relativistically oscillating plasma surfaces is
a highly promising means of achieving this goal. The underlying physics is in close
analogy to the well-known theory on the frequency upshift of a wave reflected from a
relativistic mirror (1).
The most recent theoretical (2) and experimental (3) results on high order harmonic
generation (HOHG) from relativistically oscillating plasma surfaces demonstrate that
this is indeed an attractive route to producing high conversion efficiency, low
divergence, phase-locked x-ray spectra and therefore an exciting research tool for the
future. Experiments performed using the Vulcan PetaWatt laser using high contrast
(>1011:1) laser pulses with a peak intensity of > 1020 Wcm-2 on target harmonics > 3
keV photon energy have been observed to be emitted into a specular cone ~4°
FWHM. The conversion efficiency of the harmonics has been found to follow the
power-law scaling as ηn=n-p with p~2.5±.2. This is in good agreement with the
relativistic scaling predicted by PIC simulations and analytical theory (2). For the first
time the limits of the power-law scaling have been investigated and an intensity
dependent exponential roll-over is observed in the highest photon energies >3 keV.
The background and potential scaling to an ultrabright, attosecond source (4) at
Angstrom wavelengths will be discussed.
References:
(1) A. Einstein, Ann. Phys. (Leipzig), 17, 891 (1905)
(2) S. Gordienko et al, Phys Rev Lett 93, 115002, 2004
T. Baeva et al., Phys Rev E 74, 046404 (2006)
(3) B.Dromey, Physical Review Letters, 99, 085001 (2007)
B. Dromey et al., Nature Phys. 2, 456 (2006)
F. Quere et al., Phys Rev Lett 96, 125004 (2006)
P. Norreys et al, Phys Rev Lett, 76, 1832, 1996.
(4) G. Tsakiris et al, New Journal of Physics 8, 19 (2006)

PQE-2009

278

Array of free electron lasers for science with soft x-rays
Alexander A. Zholents, John Byrd, John N. Corlett, William M. Fawley, Eugene Kur,
Gregory Penn, Ji Qiang, Fernando Sannibale, John Staples, Marco Venturini, Russell
Wells, Russell B. Wilcox
Lawrence Berkeley National Laboratory, Berkeley, CA 94720

Abstract
We present a design of the facility [1] that provides electron bunches for an array of soft
x-ray free electron lasers (FELs) covering the range of photon energies from ~100 eV to
~1 keV. Each FEL operates at a 100 kHz pulse repetition rate and can be individually
tuned to obtain a specific photon energy, pulse duration and temporal resolution,
longitudinal pulse shape, amplitude, phase, and field polarization. The innovation
expected from the construction and operation of this facility lies in combining the
knowledge of the nanoworld with extreme time resolution. A schematic of the facility is
shown in Fig.1. The injector uses rf photocathode gun and provides electron bunches
with a peak current up to 70 A and ~ 10 ps pulse length with the slice emittance of less
than 1 mm-mrad and uncorrelated energy spread of ~ 3 keV. The electron beam energy
after injector at the entrance of the Laser heater is ~ 40 MeV. The electron peak current
after bunch compressor (BC), located behind Linac 1 and Harmonic linearizer at a ~ 250
MeV beam energy point, is ~ 1 kA. The electron beam energy at the end of Linac 2 is 2.4
GeV. APPLE-II undulator will be used in FELs to control the polarization of the emitted
light.

Figure 1. A schematic of the accelerator. Elements of the machine include the injector,
laser heater, first linac (Linac1), harmonic linearizer linac, bunch compressor (BC),
second linac (Linac2), electron beam switch yard (Spreader) distributing electron
bunches into array of free electron lasers (not shown in the picture).
References
[1] A.A. Zholents, E. Kur, G. Penn, Ji Qiang, M. Venturini, R. P. Wells, “Linac Design for
an Array of Soft X-ray Free Electron Lasers”, to be published in Proc. of Linac
conference, 2009, Victoria, Canada.
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Atomic coherence and interference in a coupled atom-cavity system
Yifu Zhu
Department of Physics, Florida International University, Miami, Florida 33199
Abstract
Manipulating photon-atom interactions with atomic coherence and interference has been
a subject of intense studies in recent years and is useful for a variety of applications in
quantum optics and nonlinear optics. When coherently prepared atoms are confined in an
optical cavity, significant enhancement or modification of the atomic coherence and
interference is induced by the collective coupling of the cavity mode and multiple atoms.
I will discuss our research efforts on the cavity-mediated atomic coherence and
interference in cold atoms, and report some of our recent experimental progresses.
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Barcoding bacteria by surface enhanced Raman microscopy:
Rapid pathogen detection at the single cell level
L. D. Ziegler,* W. R. Premasiri, and I. S. Patel
Department of Chemistry and The Photonics Center,
Boston University, Boston MA 02215 *lziegler@bu.edu
Abstract: Surface enhanced Raman spectra of sufficiently high quality can be
obtained in order to provide a rapid, sensitive, specific methodology for bacterial
diagnostics.
The ability to rapidly detect and identify bacterial cells at the single cell level with high
specificity has taken on increasing importance in the past few years as heightened
concerns about potential biothreat attacks remain high. Additionally, techniques for
rapid, easy-to-use bacterial diagnostics is crucial in many clinical setting applications.
We have a developed a diagnostic platform for the identification of bacterial pathogens
by exploiting the phenomenon of surface enhanced Raman spectroscopy (SERS).1,2
The use of SERS, in combination with microscopy capabilities has allowed the
development of a diagnostic assay that is fast, species and strain specific, sensitive at
the single cell level, portable and simple to operate for the identification of bacteria that
have been recovered from human bodily fluids as well as environmental settings.
Relative to polymerase chain reaction (PCR)
based techniques, SERS microscopy offer
some potential advantages.
The SERS based platform for pathogen
identification that has been developed
consists of: (1) a microfluidic front end for
bacterial enrichment, (2) a reproducible
SERS substrate, (3) a portable Raman
microscopy instrument and (4) software
protocols for identification.
All of these
components will be described and the
effectiveness of this SERS platform for
detecting and identifying bacteria will be
demonstrated.

Fig. 1. SERS spectra of eight bacterial
species acquired on a Au nanoparticle cluster
covered SiO2 matrix in ~ 10 seconds excited
by 2 mw at 785 nm.
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