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Preface
Welcome to PQE-2010. This is the 40th 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 40 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 you. 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. Eric Akkermans, Ofir E. Alon,
Howard E. Brandt, Leonid Butov, Lincoln Carr, Kent D. Choquette, Weng Chow,
Nat Fisch, Ron Folman, Claire Gmachl, Naomi Halas, Mark Havey, Robin Kaiser,
Peter D. Keefe, Olga Kocharovskaya, Colin McKinstrie, Shaul Mukamel, Frank A.
Narducci, Paolo Nussenzveig, John Pendry, Yuri Rostovtsev, Ralf Röhlsberger, Wolfgang Schleich, Tamar Seideman, Vladimir M. Shalaev, Alexei Sokolov, Douglas Stone,
Martin Wegener, Vladislav V. Yakovlev, and Nikolay Zheludev, 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, Craig Thomas
was our lodging coordinator, 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 3-7, 2010. The program consists of three
parts: there is a reception on Sunday evening, January 3; the technical sessions are
on Monday through Thursday mornings and evenings, January 4-7; and the poster
session with dinner is on Thursday afternoon, January 7. All events take place in the
Cliff Lodge at Snowbird.
Event

When and Where

Reception

Sunday evening, January 3
Time: 7:00 p.m.
Room: Golden Cliff
Notes: Includes pizza and crudités buffet dinner.

Continental Breakfast

Monday-Thursday mornings, January 4-7
Time: 7:00 a.m.
Room: Ballroom 2
Notes: Includes coffee and tea, juice, and pastries.

Technical Sessions

Monday-Thursday, January 4-7
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 7
Time: 5:00 p.m. – 7:00 p.m.
Room: Ballroom 3
Notes: Posters may be put up starting Wednesday morning, January 6. The “official” session is listed above, and
includes a buffet dinner.
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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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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. We do get a small discount of approximately 10% which
varries depending on the type of ticket purchased. PQE attendees should show either
a lodging card or a name badge to receive the discount. The lodging card is issued
to guests when they check in. The card will identify them as being with the PQE
conference. The name badges that you receive at registration should work as well.
Participants also receive a $10.00 access fee to the Cliff Spa (normally $20.00) and a
20% discount on treatments there.
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.
PQE-2010
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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.
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-2010
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3.4

Special Issue Papers

Call for Papers
A special issue of the Journal of Modern Optics will be published in celebration
of PQE-2010. 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.
Please note that this is not a “conference proceedings” but rather a special issue
of a regular journal. Plenary and invited speakers are encouraged to submit papers,
but high quality papers are expected. Submissions from poster presenters will be
considered, but again we emphasize that high quality, original work is requested. 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, 2010 (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-2010
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Manuscripts are due by February 28, 2010 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

PQE-2010

10

4

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-2010 at 10:50 a.m. on Wednesday morning, January 6, 2010. The
2010 winners are:
John B. Pendry, Imperial College London
For pioneering studies in the field of transformation optics.
Vladimir M. Shalaev, Purdue University
For pioneering studies of optical metamaterials and plasmonic nanostructures.
Aleksei M. Zheltikov, Lomonosov Moscow State University
For pioneering work on ultrafast nonlinear optics in tailored photonic crystal
fibers.

John B. Pendry

Vladimir M. Shalaev

More information: http://www.lambaward.org/
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Aleksei M. Zheltikov
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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

Cliff Lodge, Snowbird, UT, USA

Block diagrams of sessions

Monday, January 4, 2010
7:00

Continental Breakfast – Ballroom 1&2

7:25
9:10

Plenary Session 1 – Ballroom 1&2
Invited Session:
Recent advances in
fiber-based devices
Ballroom 1

10:10

Invited Session:
Nuclear Gamma-ray
Superradiance
Magpie B

Coffee Break – Ballroom 2

10:30
11:40

Invited Session:
Attosecond Pulses
and Arbitrary
Waveforms via
Molecular Modulation
Magpie A

Plenary Session 2 – Ballroom 1&2
Invited Session:
Recent advances in
fiber-based devices
Ballroom 1

Invited Session:
Attosecond Pulses
and Arbitrary
Waveforms via
Molecular Modulation
Magpie A

Invited Session:

Invited Session:

Cold Molecules

Metamaterials

Magpie B

Wasatch A

Afternoon free
19:00
20:50

Plenary Session 3 – Ballroom 1&2
Invited Session:
Wave compression
in various media
Ballroom 1

PQE-2010

Invited Session:
Stimulated Raman
Scattering in
Physics, Chemistry,
and Biology
Magpie A
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Invited Session:
Cold Molecules
Magpie B

Invited Session:
Metamaterials 2 -Nonlinear
Metamaterials
Wasatch A
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Tuesday, January 5, 2010
7:00

Continental Breakfast – Ballroom 1&2

7:30
9:10

Plenary Session 1 – Ballroom 1&2
Invited Session:
Frontiers of
plasmonics
Ballroom 1

10:30

Invited Session:
Exciton
Condensates

Invited Session:
Localization of Light

Magpie B

Wasatch A

Coffee Break – Ballroom 2

10:50
12:00

Invited Session:
Nonlinear
Spectroscopy with
Shaped Pulses and
Entangled Photons
Magpie A

Plenary Session 2 – Ballroom 1&2
Invited Session:
Frontiers of
plasmonics

Invited Session:
New Directions in
Coherent Alignment

Invited Session:
Free-Electron Lasers

Invited Session:
Novel Optics

Ballroom 1

Magpie A

Magpie B

Wasatch A

Afternoon free
19:00
20:50

Plenary Session 3 – Ballroom 1&2
Invited Session:
Plasmonics 2
Ballroom 1

PQE-2010

Invited Session:
Quantum
Information with
Continuous
Variables
Magpie A
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Invited Session:
Spatial
interferometry on
atom chips
Magpie B

Invited Session:
Unruh Effect
Wasatch A
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Wednesday, January 6, 2010
7:00

Continental Breakfast – Ballroom 1&2

7:30
9:10

Plenary Session 1 – Ballroom 1&2
Invited Session:
Metamaterials 3 -Transformation
Optics

Invited Session:

Invited Session:

High Frequency and
High Energy Lasers

Semiconductor
Lasers 2

Invited Session:
Coherent
Spectroscopy and
Quantum Control

Ballroom 1

Magpie A

Magpie B

Magpie B

10:30

Coffee Break – Ballroom 2

10:50

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

11:20
12:00

Plenary Session 2 – Ballroom 1&2
Invited Session:
Metamaterials 4 -New Concepts in
Metamaterials
Ballroom 1

Invited Session:
Quantum
Information,
Computing, and
Imaging
Magpie A

Invited Session:

Invited Session:

Bose-Einstein
condensates

Novel Optics

Magpie B

Wasatch A

Afternoon free
19:00
20:50

Plenary Session 3 – Ballroom 1&2
Invited Session:

Invited Session:

Invited Session:

Lasing in Random
Media

Invited Session:
Quantum
Information
Processing

Mixtures and
Spinors 1

Quantum Optics

Ballroom 1

Magpie A

Magpie B

Wasatch A
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Thursday, January 7, 2010
7:00

Continental Breakfast – Ballroom 1&2

7:30
9:10

Plenary Session 1 – Ballroom 1&2
Invited Session:

Invited Session:

Invited Session:

Invited Session:

Semiconductor
Lasers 1

Quantum coherence
effects in solids

Mixtures and
Spinors 2

Matter Wave
Localization

Ballroom 1

Magpie A

Magpie B

Wasatch A

10:30

Coffee Break – Ballroom 2

10:50
12:00

Plenary Session 2 – Ballroom 1&2
Invited Session:

Invited Session:

Invited Session:

Invited Session:

Novel and complex
laser structures

Quantum coherence
effects in solids

Bose-Einstein
condensates

Quantum Solar
Energy

Ballroom 1

Magpie A

Magpie B

Wasatch A

Afternoon free
17:00

Poster Session and Buffet Dinner – Ballroom 2&3

19:00
20:50

Plenary Session 3 – Ballroom 1&2
Invited Session:
Semiconductor
Lasers 3
Ballroom 1

PQE-2010
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Quantum systems
and ultra short
pulses: time and
space
Magpie A
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Invited Session:

Invited Session:

Intellectual Property

Quantum Carpets

Magpie B

Wasatch A

PQE-2010
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Numbers in brackets refer to the page number of the abstract

5.2

List of all sessions in detail

Monday, January 4 2010
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”
7:30 Colin McKinstrie, Bell Laboratories, Alcatel-Lucent, “Recent advances in fiber-based devices” [ 173 ]
8:00 Andy Kung, Academia Sinica, Taiwan, “Waveform Synthesis using Frequency Combs
Generated by Molecular Modulation” [ 155 ]
8:30 Ralf Röhlsberger, Deutsches Elektronen Synchrotron DESY, “The collective Lamb shift
in Nuclear Resonant Scattering” [ 222 ]

Monday Morning Invited Session 1
Breakout Session 1: Recent advances in fiber-based devices.
Location: Ballroom 1 — Colin McKinstrie, Chair

9:10 Stojan Radic, University of California San Diego, “Distributed Mixer Engineering with
Molecular-Scale Accuracy” [ 213 ]
9:30 Takayuki Kurosu, National Insititute of Advanced Industrial Science and Technology,
“Parametric Delay Dispersion Tuner” [ 156 ]
9:50 Andreas O. J. Wiberg, University of California San Diego, “Polychromatic Parametric
Processing of Ultrafast Fields” [ 266 ]

Breakout Session 2: Attosecond Pulses and Arbitrary Waveforms via Molecular Modulation.
Location: Magpie A — Alexei Sokolov, Chair

9:10 Deniz D. Yavuz, University of Wisconsin at Madison, “Continuous-Wave Raman Generation in Molecules” [ 273 ]
9:30 Fetah Benabid, University of Bath, “Towards a CW photonic intensity waveform synthesizer” [ 74 ]
9:50 Masayuki Katsuragawa, University of Electro- Communications, Japan, “Efficient generation of Raman-type otptical frequency comb in an enhancement cavity”

Breakout Session 3: Nuclear Gamma-ray Superradiance.
Location: Magpie B — Ralf Röhlsberger, Chair

9:10 Adriana Palffy, Max Planck Institute, Heidelberg, “X-ray single-photon entanglement via
coherent control of nuclei” [ 198 ]
9:30 Jörg Evers, Max Planck Institute for Nuclear Physics, “Yoctosecond photon pulses from
quark-gluon plasmas” [ 109 ]
9:50 Bernhard Adams, ANL, “Manipulation of nuclear γ-ray superradiance” [ 58 ]
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Monday Morning Plenary Session 2
Location: Ballroom 1 and 2 — Godfrey Gumbs, Chair

10:30 Jun Ye, JILA/NIST, and University of Colorado, “Polar molecules - dipolar collisions and
ultracold chemistry” [ 274 ]
11:00 Martin Wegener, Karlsruhe Institute of Technology, “Towards 3D photonic metamaterials” [ 259 ]

Monday Morning Invited Session 2
Breakout Session 1: Recent advances in fiber-based devices.
Location: Ballroom 1 — Andreas O. J. Wiberg, Chair

11:40 Michael Vasilyev, University of Texas at Arlington, “Multichannel all-optical regeneration” [ 254 ]
12:00 Nathan Newbury, NIST, “Fiber-based frequency combs and some precision measurement
applications” [ 186 ]
12:20 Brian J. Smith, University of Oxford, “Photon-pair generation in birefringent fibers”
[ 232 ]
12:40 Jingyun Fan, University of Maryland and NIST, “High-brightness and -fidelity photon
sources” [ 111 ]

Breakout Session 2: Attosecond Pulses and Arbitrary Waveforms via Molecular Modulation.
Location: Magpie A — Andy Kung, Chair

11:40 Miaochan Zhi, Texas A&M University, “Broadband light generation in CVD single crystal
diamond” [ 280 ]
12:00 Chao-Kuei Lee, NSYSU, “Measurement of Octave-spanning Raman Generated Ultrafast
Pulses” [ 158 ]
12:20 Vaclav Spicka, Academy of Sciences of the Czech Republic, “Fast dynamics of mesoscopic
systems” [ 237 ]
12:40 Edward S. Fry, Texas A&M University, “Ring-Down Spectroscopy in an Integrating Cavity” [ 116 ]

Breakout Session 3: Cold Molecules.

Location: Magpie B — Lincoln Carr, Chair
11:40 Samuel Meek, Max Planck Berlin, “Taming molecular beams; towards a molecular laboratory on a chip” [ 174 ]
12:00 Johann Georg Danzl, University of Innsbruck, “An ultracold, high-density sample of
rovibronic ground-state molecules in an optical lattice” [ 100 ]
12:20 William C. Stwalley, University of Connecticut, “The electronic spectroscopy of ultracold
KRb molecules” [ 243 ]
12:40 Matthias Weidemüller, University of Heidelberg, “Ultracold Polar Molecules in the Rovibrational Ground State” [ 260 ]
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Breakout Session 4: Metamaterials.

Location: Wasatch A — Martin Wegener, Chair
11:40 Harald Giessen, University of Stuttgart, “Three-dimensional optical metamaterials and
nanoantennas: Chirality, Coupling, and Sensing” [ 123 ]
12:00 Costas Soukoulis, Ames Laboratory, [Title Not Entered]
12:20 Herbert O. Moser, National University of Singapore, “THz meta-foil – a platform for
practical applications of metamaterials” [ 181 ]
12:40 Nick Fang, University of Illinois at Urbana-Champaign, “Molding the Flow of Light and
Sound With Metamaterials” [ 113 ]

Monday Evening Plenary Session

Location: Ballroom 1 and 2 — Vladislav V. Yakovlev, Chair
19:00 Nat Fisch, Princeton University, “Compressing Waves in Plasma” [ 114 ]
19:30 Richard Mathies, University of California at Berkeley, “Femtosecond Time-Resolved
Stimulated Raman Spectroscopy” [ 172 ]
20:00 Nikolay Zheludev, University of Southampton, “Nonlinear and Switchable Metamaterials” [ 279 ]

Monday Evening Invited Session
Breakout Session 1: Wave compression in various media.
Location: Ballroom 1 — Nat Fisch, Chair

20:50 Robert Kirkwood, Lawrence Livermore National Laboratory, “Using non-linear Raman
amplification in a plasma to increase laser power and improve coupling to fusion targets at
large laser facilities” [ 145 ]
21:10 Nikolai Yampolsky, Los Alamos National Laboratory, “Demonstration of detuning and
wavebreaking effects on laser amplification by means of backward Raman scattering in
plasma” [ 272 ]
21:30 Ilya Dodin, Princeton University, “Compressing linear waves trapped in plasma” [ 102 ]
21:50 Tenio Popmintchev, JILA, University of Colorado at Boulder, “Laser Pulse SelfCompression and Phase Matching of High Harmonic Generation at 0.5 keV” [ 209 ]

Breakout Session 2: Stimulated Raman Scattering in Physics, Chemistry, and Biology.
Location: Magpie A — Richard Mathies, Chair

20:50 Satoshi Takeuchi, RIKEN, “Capturing structural snapshots of reacting molecules by femtosecond time-domain Raman spectroscopy” [ 248 ]
21:10 Valery Milner, University of British Columbia, “Narrow-band correlation spectroscopy
with broad-band laser pulses” [ 176 ]
21:30 Vladislav V. Yakovlev, University of Wisconsin - Milwaukee, “Biomedical applications
of stimulated Raman scattering” [ 270 ]
21:50 George R. Welch, Texas A&M University, “Heterodyne Coherent anti-Stokes Raman
scattering for spectral phase retrieval and signal amplification” [ 265 ]
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Breakout Session 3: Cold Molecules.
Location: Magpie B — Jun Ye, Chair

20:50 Lincoln D. Carr, Colorado School of Mines, “Tunable Molecular Quantum Many Body
Dynamics” [ 87 ]
21:10 Robin Cote, University of Connecticut, “Coherent manipulation of ultracold polar
molecules” [ 98 ]
21:30 Roman Krems, University of British Columbia, “Collision dynamics of molecules and
rotational excitons in an ultracold gas confined by an optical lattice” [ 150 ]
21:50 Paul Julienne, NIST Joint Quantum Institute, “Universal reaction rates for ultracold
molecular collisions” [ 137 ]

Breakout Session 4: Metamaterials 2 – Nonlinear Metamaterials.
Location: Wasatch A — Nikolay Zheludev, Chair

20:50 Nader Engheta, University of Pennsylvania, “Nonlinear Nanostructures in Metactronics”
[ 108 ]
21:10 Steven M. Anlage, University of Maryland, “Smaller, Faster, Colder: Superconducting
Metamaterials” [ 66 ]
21:30 Willie Padilla, Boston College, “Infrared Metamaterials for Controlling Blackbody Emission” [ 197 ]
21:50 Steve Brueck, University of New Mexico, “Large-Area Linear and Nonlinear Nanophotonics” [ 83 ]

Tuesday, January 5 2010
Tuesday Morning Plenary Session 1
Location: Ballroom 1 and 2 — Claire Bedrock, Chair

7:30 Naomi Halas, Rice University, “Optically responsive complexes for nanomedicine” [ 129 ]
8:00 Shaul Mukamel, University of California, Irvine, “Stimulated CARS Resonances Revisited: Double-slit Interference of Two-photon Pathways” [ 182 ]
8:30 Leonid Butov, University of California at San Diego, “Exciton Condensates” [ 84 ]
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Tuesday Morning Invited Session 1
Breakout Session 1: Frontiers of plasmonics.
Location: Ballroom 1 — Peter Nordlander, Chair

9:10 Harry Atwater, California Institute of Technology, “Plasmonics at the dielectric/metal
transition and plasmonic networks” [ 69 ]
9:30 Jonathan Fan, Harvard University, “Fano Interference in Self-Assembled Plasmonic
Nanoparticle Clusters” [ 112 ]
9:50 Mikael Käll, Chalmers University of Technology, “Alignement, Rotation and Spinning of
Plasmonic Nanoparticles using Polarization Dependent Optical Forces” [ 157 ]
10:10 Stefan Maier, Imperial College London, “Concepts for spectral and spatial mode tailoring
of optical plasmonic nanocavities and THz plasmonic metamaterials” [ 169 ]

Breakout Session 2: Nonlinear Spectroscopy with Shaped Pulses and Entangled Photons.
Location: Magpie A — Shaul Mukamel, Chair

9:10 Valentyn Prokhorenko, University of Toronto, Canada, “Coherent Multidimensional
Spectroscopies with Coherent Control Capabilities” [ 212 ]
9:30 Ted Goodson, University of Michigan, “Entangle Photon Spectroscopy of Organic
Molecules” [ 127 ]
9:50 Scott Papp, California Institute of Technology, “Characterizing multipartite entanglement
with uncertainty relations” [ 199 ]
10:10 Marcos Dantus, Michigan State University, “Strategies for coherent spectroscopy based
on a single broad bandwidth shaped pulse” [ 99 ]

Breakout Session 3: Exciton Condensates.

Location: Magpie B — Leonid Butov, Chair

9:10 Michael Lilly, Sandia National Laboratories, “Electrical transport techniques to probe the
ground state of closely spaced electron-hole bilayers” [ 161 ]
9:30 Alexey Kavokin, University of Rome II, “Superconductivity mediated by a Bose-Einstein
condensate of exciton-polaritons” [ 142 ]
9:50 Barbara Pietka, Ecole Polytechnique Fédérale de Lausanne, Switzerland, “Condensation
of exciton-polaritons in a semiconductor microcavity” [ 205 ]
10:10 Vittorio Pellegrini, NEST CNR-INFM and Scuola Normale Superiore Pisa (Italy), “Seeing inter-layer excitonic coherence in the excitations of electron double layers” [ 200 ]
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Breakout Session 4: Localization of Light.
Location: Wasatch A — Robin Kaiser, Chair

9:10 Mark D. Havey, Old Dominion University, “Light scattering in high density and ultracold
Rb” [ 132 ]
9:30 Igor M. Sokolov, State Polytechnic University, St. Petersburg, “Light scattering from
high density ultracold atomic clouds” [ 234 ]
9:50 Sergey Skipetrov, CNRS and Joseph Fourier University, “Self-consistent theory of Anderson localization” [ 231 ]
10:10 Andrey Chabanov, University of Texas at San Antonio, “Statistics of Fluctuations and
Correlation of Localized Waves” [ 90 ]

Tuesday Morning Plenary Session 2

Location: Ballroom 1 and 2 — G. G. Padmabandu, Chair
10:50 Tamar Seideman, Northwestern University, “Spinning Tops in External Fields. From
High Harmonic Generation to Control of Transport in the Nanoscale” [ 227 ]
11:20 Wolfgang Schleich, Universität Ulm, Free-Electron Lasers [Title Not Entered]

Tuesday Morning Invited Session 2
Breakout Session 1: Frontiers of plasmonics.
Location: Ballroom 1 — Naomi Halas, Chair

12:00 Peter Nordlander, Rice University, “Quantum descriptiuon of plasmons in strongly coupled metallic nanostructures” [ 190 ]
12:20 Lukas Novotny, University of Rochester, “‘Free-Space Excitation of Propagating Surface
Plasmon Polaritons” [ 191 ]
12:40 Mark I. Stockman, Georgia State University, “New Horizons of Nanoplasmonics: from
SPASER to Attoseconds” [ 241 ]

Breakout Session 2: New Directions in Coherent Alignment.

Location: Magpie A — Tamar Seideman, Chair

12:00 Yehiam Prior, Weizmann Institute of Science, “Molecular Alignment – Small And Large,
Slow And Fast” [ 211 ]
12:20 See Leang Chin, Laval University, “Femtosecond laser filamentation and molecular rotation” [ 93 ]
12:40 Edward Hamilton, “Control of the alignment dynamics of asymmetric top molecules by
means of laser pulses” [ 130 ]

Breakout Session 3: Free-Electron Lasers.

Location: Magpie B — Wolfgang Schleich, Chair
12:00 Roland Sauerbrey, Research Centre Dresden-Rossendorf (FZD), “High Intensity Lasers
as Undulators for FEL’s” [ 224 ]
12:20 Paul Preiss, Universität Ulm, “On the Quantum Theory of the FEL” [ 210 ]
12:40 ., [Title Not Entered]
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Tuesday Evening Plenary Session

Location: Ballroom 1 and 2 — Eric Akkermans, Chair
19:00 Paolo Nussenzveig, Instituto de Fisica – USP, Brazil, “Three-color entanglement: generation characteristics and robustness” [ 192 ]
19:30 Ron Folman, Ben-Gurion University, “Atom chips: one decade of ultra cold atoms microns
from a surface” [ 115 ]
20:00 Ralf Schützhold, Universität Duisburg-Essen, “Fundamental effects from a quantum optics perspective” [ 225 ]

Tuesday Evening Invited Session
Breakout Session 1: Plasmonics 2.

Location: Ballroom 1 — Natalia Litchinitser, Chair
20:50 Alexandra Boltasseva, Technical University of Denmark/Purdue University, “Searching
for Better Plasmonic Materials” [ 79 ]
21:10 Norbert Kroó, Hungarian Academy of Sciences, “Multiplasmon processes in enhanced
laser fields” [ 152 ]
21:30 Mikhail A. Noginov, Norfolk State University, “Loss Reduction and Stimulated Emission
in Nanoplasmonic Systems” [ 189 ]
21:50 Gennady Shvets, University of Texas at Austin, “Slow light in plasmonic metamaterials:
the double-Fano resonance approach” [ 230 ]

Breakout Session 2: Quantum Information with Continuous Variables.
Location: Magpie A — Paolo Nussenzveig, Chair

20:50 Ulrik Andersen, Technical University of Denmark, “Quantum coherence of continuous
variable systems can survive complete loss” [ 64 ]
21:10 Alexander Gaeta, Cornell University, [Title Not Entered]
21:30 Peter van Loock, Max Planck Institute for the Science of Light, “A note on quantum
error correction with continuous variables” [ 166 ]
21:50 Stephen P. Walborn, Universidade Federal do Rio de Janeiro, “Non-Gaussian Entanglement with Spatial Variables of Photons” [ 255 ]

Breakout Session 3: Spatial interferometry on atom chips.

Location: Magpie B — Ron Folman, Chair

20:50 Romain Long, Laboratoire Kastler Brossel, “Transition from atom number bunching to
antibunching in a double-well potential on an atom chip” [ 165 ]
21:10 Peter Krüger, University of Nottingham, “A radio-frequency based integrated atom interferometer and the 1d Bose gas” [ 154 ]
21:30 Max Riedel, LMU and MPQ Munich, “Atom chip based generation of entanglement for
quantum metrology” [ 217 ]
21:50 Matt Squires, Air Force Research Labs, “Atom chips on direct bonded copper substrates
for atom interferometry” [ 238 ]
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Breakout Session 4: Unruh Effect.

Location: Wasatch A — Eric Akkermans, Chair
20:50 Serge Reynaud, Ecole normale supérieure Paris, “Dynamical Casimir radiation and analogues” [ 215 ]
21:10 Victor Dodonov, University of Brasilia, Brazil, “Dynamical Casimir Effect in cavities
with laser-excited semiconductor layers” [ 103 ]
21:30 Gerald Dunne, University of Connecticut, “The Schwinger Effect: Nonperturbative Pair
Production from Vacuum” [ 104 ]
21:50 Miles P. Blencowe, Dartmouth College, “Analogue Hawking Radiation in a Superconducting Circuit” [ 76 ]

Wednesday, January 6 2010
Wednesday Morning Plenary Session 1
Location: Ballroom 1 and 2 — Ian Osborne, Chair

7:30 John Pendry, Imperial College London, “Transformation Optics & the Control of Electromagnetic Radiation” [ 201 ]
8:00 Vladimir M. Shalaev, Purdue University, “Transforming Light with Metamaterials”
[ 229 ]
8:30 Aleksei Zheltikov, Moscow State University, “Ultrafast guided-wave photonics: Colorful
ways to tailor ultrashort optical field waveforms” [ 278 ]

Wednesday Morning Invited Session 1
Breakout Session 1: Metamaterials 3 – Transformation Optics.
Location: Ballroom 1 — John Pendry, Chair

9:10 Xiang Zhang, University of California at Berkeley, “Optical cloaking and Plasmon lasers”
[ 277 ]
9:30 Che-ting Chan, Hong Kong University of Science & Technology, “Illusion effects created
using transformation optics” [ 91 ]
9:50 Michal Lipson, Cornell University, “Transformational optics in the optical regime using
nanophotonic structures” [ 163 ]
10:10 David Smith, Duke University, [Title Not Entered]
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Breakout Session 2: High Frequency and High Energy Lasers.
Location: Magpie A — Marlan O. Scully, Chair

9:10 Jorge J. Rocca, Colorado State University, “Table-top soft x-ray lasers with shorter wavelengths and smaller size” [ 219 ]
9:30 Carmen Menoni, Colorado State University, ‘Nanoscale imaging and patterning using
bright beams of soft x-ray light from table-top lasers” [ 175 ]
9:50 Eyob A. Sete, Texas A&M University, “Transient XUV lasing without inversion via He
triplet states” [ 228 ]
10:10 Szymon Suckewer, Princeton University, “Coherently Driven Transitions in He atoms
and He-Like Ions for XUV and X-Ray Lasing: Approach to Experiments” [ 244 ]

Breakout Session 3: Semiconductor Lasers 2.
Location: Magpie B — Weng Chow, Chair

9:10 Claire Gmachl, Princeton University, “Highly power-efficient Quantum Cascade lasers”
[ 124 ]
9:30 Cun-Zheng Ning, Arizona State University, “More Gain with More Loss: Metals as Gain
Enhancers and Plasmonic Nanolasers” [ 188 ]
9:50 Vassilios Kovanis, Air Force Research Laboratory, “Nonlinear dynamics of photonic circuits: gain lever, optical injection and coupled lasers” [ 149 ]
10:10 Mike Wanke, Sandia National Laboratory, “THz transceivers” [ 257 ]

Breakout Session 4: Coherent Spectroscopy and Quantum Control.

Location: Wasatch A — Valery Milner, Chair

9:10 Anita Goel, Nanobiosym, “Quantum Frontiers of Nano-Bio-Physics”
9:30 Alexei Sokolov, Texas A&M University, “Backward mirror-less lasing achieved through
pump pulse shaping” [ 233 ]
9:50 Kazuhiko Misawa, Tokyo University of Agriculture and Technology, “Sensitive detection
of inhalational anesthetic molecules by heterodyne-detected single-beam CARS using adaptively phase-modulated femtosecond pulses” [ 177 ]
10:10 Svetlana Malinovskaya, Stevens Institute of Technology, “Adiabatic Raman Passage Using an Optical Frequency Comb” [ 170 ]

Wednesday Morning Plenary Session 2
Location: Ballroom 1 and 2 — Marlan O. Scully, Chair

10:50 Lamb Award, “The presentation of the 2010 Willis E. Lamb Award for Laser Science and
Quantum Optics”
11:20 Mark A. Kasevich, Stanford University, “Quantum Simulation with Bose-Einstein Condensed Atoms and High Finesse Optical Cavities” [ 140 ]
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Wednesday Morning Invited Session 2
Breakout Session 1: Metamaterials 4 – New Concepts in Metamaterials.
Location: Ballroom 1 — Vladimir M. Shalaev, Chair

12:00 Eugeni Narimanov, Purdue University, “Infinite at Any Frequency: the photonic density
of states in (meta)materials with hyperbolic dispersion and related phenomena” [ 184 ]
12:20 Ivdar Gabitov, University of Arizona, “Coherent loss compensation in optical metamaterials” [ 117 ]
12:40 Natalia Litchinitser, University at Buffalo, “Transition Metamaterials” [ 164 ]

Breakout Session 2: Quantum Information, Computing, and Imaging.
Location: Magpie A — Elisabeth Giacobino, Chair

12:00 Claude Fabre, Université Pierre et Marie Curie, “Quantum information processing and
clock synchronization beyond the standard quantum limit using quantum frequency combs”
[ 110 ]
12:20 Walter C. Daugherity, Texas A&M University, “Quantum-Type Reversible Circuits and
Algorithms” [ 101 ]
12:40 Robert W. Boyd, University of Rochester, “New Results in Quantum Imaging” [ 80 ]

Breakout Session 3: Bose-Einstein condensates.
Location: Magpie B — Mark A. Kasevich, Chair

12:00 Vanderlei S. Bagnato, IFSC/ Univeristy of Sao Paulo, “Emergence of Turbulence in a
BEC” [ 70 ]
12:20 Yu-Ju Lin, NIST Gaithersburg and Univeristy of Maryland, “Optically synthesized magnetic fields for ultracold neutral atoms” [ 162 ]
12:40 Juan Pino, JILA, “Counting phonons: a new window into strongly interacting superfluid”
[ 207 ]

Breakout Session 4: Novel Optics.

Location: Wasatch A — Hui Xia, Chair
12:00 Leon Cohen, City University of New York (Hunter College), “The propagation of noise
fields in a dispersive medium” [ 97 ]
12:20 Patrick Loughlin, University of Pittsburgh, “Local duration-bandwidth product of a propagating pulse” [ 167 ]
12:40 Koryun Oganesyan, Yerevan Physics Institute, “Theory of Smith-Purcell Radiation from
Rough Surfaces” [ 194 ]

Wednesday Evening Plenary Session
Location: Ballroom 1 and 2 — Howard E. Brandt, Chair

19:00 Hui Cao, Yale University, “Recent Developments of Random Lasers” [ 85 ]
19:30 Howard Wiseman, Griffith University, “Platonic Love at a Distance” [ 267 ]
20:00 Chris Greene, University of Colorado, “Ultracold 4-body systems and the Efimov effect”
[ 128 ]
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Wednesday Evening Invited Session
Breakout Session 1: Lasing in Random Media.
Location: Ballroom 1 — Hui Cao, Chair

20:50 Robin Kaiser, CNRS, France, “Random Lasing with Cold Atoms” [ 138 ]
21:10 Martin Weitz, Universität Bonn, “Two-dimensional blackbody radiation from an optical
microresonator” [ 264 ]
21:30 Hakan Tureci, ETH Zurich, “Nature of lasing modes in weakly scattering disordered
media” [ 251 ]
21:50 Johann Kroha, University of Bonn, “Selfconsistent transport theory of diffusive random
lasers” [ 151 ]

Breakout Session 2: Quantum Information Processing.

Location: Magpie A — Howard Wiseman, Chair

20:50 Bryan Jacobs, Johns Hopkins University, “Hybrid Information Processing”
21:10 Louis H. Kauffman, Univeristy of Illinois at Chicago, “Topological Quantum Information
Theory” [ 141 ]
21:30 Yaakov Weinstein, Mitre Corporation, “Constructing Photonic Cluster States for Quantum Computattion” [ 261 ]
21:50 Howard E. Brandt, U.S. Army Research Laboratory, “Jacobi Fields in Quantum Circuit
Complexity Analysis” [ 81 ]

Breakout Session 3: Mixtures and Spinors I.

Location: Magpie B — Ofir E. Alon, Chair

20:50 Eddy Timmermans, Los Alamos National Laboratory, “Pseudo-spin-spin interactions,
hysteresis and macroscopic tunneling in ultra-cold atoms” [ 249 ]
21:10 Fei Zhou, University of British Columbia, “Beyond mean-field spin dynamics” [ 281 ]
21:30 Ludwig Mathey, NIST, Gaithersburg, “Supercritical superfluid and vortex unbinding following a quantum quench” [ 171 ]
21:50 Hossein Sadeghpour, ITAMP/Harvard University, “Cold dimer formation and other spin
relaxation processes in a buffer-gas cooled magnetic trap” [ 223 ]

Breakout Session 4: Quantum Optics.

Location: Wasatch A — Jon P. Davis, Chair
20:50 Sándor Varró, Hungarian Academy of Sciences, “Correlations in single-quantum experiments. A note on wave-particle duality” [ 252 ]
21:10 Thomas Becker, Max Planck Institute of Quantum Optics, “New spectroscopic techniques
for Rydberg atoms” [ 71 ]
21:30 Frank A. Narducci, Naval Air Systems Command, “Recoil-induced resonances for temperature measurements and all-optical switching” [ 183 ]
21:50 C. H. Raymond Ooi, Monash University, Malaysia , “Generation of Superintense Laser
Field in Circular Laser Array” [ 196 ]
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Thursday, January 7 2010
Thursday Morning Plenary Session 1
Location: Ballroom 1 and 2 — Tatjana Curcic, Chair

7:30 Hyatt M. Gibbs, University of Arizona, “Strongly Coupled Single-Quantum-Dot
Nanocavity System: From Vacuum Rabi Splitting to Lasing” [ 121 ]
8:00 Stefan Kröll, Lund University, “Coherent interactions in rare earth ion doped crystals for
quantum memory and quantum computer development” [ 153 ]
8:30 Alain Aspect, Institut d’Optique, “Anderson Localization of Matter-Waves in a Controlled
Disorder: a Quantum Simulator?” [ 68 ]

Thursday Morning Invited Session 1
Breakout Session 1: Semiconductor Lasers 1.
Location: Ballroom 1 — Hyatt M. Gibbs, Chair

9:10 Mikhail Belkin, The University of Texas at Austin, “THz quantum cascade laser sources
for room-temperature operation” [ 72 ]
9:30 Alexey Belyanin, Texas A&M University, “Instabilities, multimode dynamics, and ultrafast modulation of mid-infrared quantum cascade lasers” [ 73 ]
9:50 Daniel Wasserman, University of Massachusetts Lowell, “Mid-infrared Plasmonics” [ 258 ]
10:10 Patrice Genevet, Texas A&M University, “Experimental observation of Localized vortices
in semiconductor Lasers” [ 119 ]

Breakout Session 2: Quantum coherence effects in solids.

Location: Magpie A — Stefan Kröll, Chair

9:10 Olga Kocharovskaya, Texas A&M University, “Study of ions interactions in solids by
means of EIT” [ 146 ]
9:30 Philip Hemmer, Texas A&M University, “High resolution single spin imaging with NV
diamond” [ 133 ]
9:50 Elisabeth Giacobino, Laboratoire Kastler Brossel, CNRS, UPMC, ENS, Paris, “Superfluidity of polaritons in semiconductor microcavities” [ 120 ]
10:10 Victor Acosta, University of California at Berkeley, “Perfect defects? Spin-ensemble
magnetometry with Nitrogen-Vacancy centers in diamond” [ 57 ]
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Breakout Session 3: Mixtures and Spinors II.
Location: Magpie B — Chris Greene, Chair

9:10 Li You, QingHua University, “Mixtures for two spin-1 condensates” [ 275 ]
9:30 Doerte Blume, Washington State University, “s-wave interacting Fermi gas under harmonic confinement” [ 77 ]
9:50 Klaus Ziegler, Institut fuer Physik, Universitaet Augsburg, “Anderson localization in
fermionic mixtures” [ 282 ]
10:10 Ofir E. Alon, University of Heidelberg, “Interferences with distinguishable BECs and more”
[ 63 ]

Breakout Session 4: Matter Wave Localization.
Location: Wasatch A — Alain Aspect, Chair

9:10 Giacomo Roati, LENS, University of Florence, “A tunable Bose-Einstein condensate in
disordered potentials” [ 218 ]
9:30 Scott Pollack, Rice University, “Interaction Effects in Anderson Localization of an Ultracold Atomic Gas” [Winner — PQE-2010 Best Abstract. See page 208 ]
9:50 Pascal Szriftgiser, Laboratoire PhLAM, CNRS, USTL, “The Anderson metal-insulator
transition with atomic matter waves” [Runner up — PQE-2010 Best Abstract. See
page 247 ]
10:10 Patricio LeBoeuf, [Title Not Entered]

Thursday Morning Plenary Session 2
Location: Ballroom 1 and 2 — Leon Cohen, Chair

10:50 Douglas Stone, Yale University, “Novel Lasing Structures and Phenomena from Ab Initio
Theory” [ 242 ]
11:20 Marlan O. Scully, Texas A&M and Princeton University, “The Quantum Solar Cell:
Using quantum thermodynamics to mitigate recombination and enhance efficiency” [ 226 ]

Thursday Morning Invited Session 2
Breakout Session 1: Novel and complex laser structures.

Location: Ballroom 1 — Douglas Stone, Chair

12:00 Marin Soljacic, Massachusetts Institute of Technology, “Novel platforms for light sources”
[ 236 ]
12:20 Lei Xu, Fudan University, Shanghai, “Coupled Microcavities for Single Mode Lasing and
Biosensing” [ 269 ]
12:40 Qijie Wang, Nanyang Technological University, “Directional emission from deformed microcavities” [ 256 ]
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Breakout Session 2: Quantum coherence effects in solids.
Location: Magpie A — Olga Kocharovskaya, Chair

12:00 Philippe Goldner, Ecole Nationale Supérieure de Chimie de Paris, “Coherent Collective
Emission in a Random Medium” [ 125 ]
12:20 Thierry Chanelière, Laboratoire Aimé Cotton - CNRS, “Few photons storage in thulium
doped crystals” [ 92 ]
12:40 ., [Title Not Entered]

Breakout Session 3: Bose-Einstein condensates.

Location: Magpie B — Vanderlei S. Bagnato, Chair

12:00 Christoph Weiss, University of Oldenburg, “Mesoscopic quantum superpositions of a BoseEinstein condensate in a periodically shaken double well” [ 262 ]
12:20 Vitaly Kocharovsky, Texas A&M University, “Analytical solution for BEC critical phenomena” [ 147 ]
12:40 Juha Javanainen, University of Connecticut, “Nonlinear phenomenology from quantum
mechanics: Unstable BEC in a double-well trap” [ 135 ]

Breakout Session 4: Quantum Solar Energy.

Location: Wasatch A — Marlan O. Scully, Chair

12:00 Ting Shan (Willie) Luk, Sandia National Laboratory, “Enhanced spontaneous emission
from photonic crystal microcavities” [ 168 ]
12:20 Oleksiy Roslyak, Hunter College, CUNY, “Signatures of carrier multiplication in polariton
fluorescence spectra” [ 220 ]
12:40 Anatoly Svidzinsky, Texas A&M University, “Design of a quantum dot (well) solar energy
convertor utilizing wide solar spectrum” [ 246 ]

Thursday Evening Plenary Session
Location: Ballroom 1 and 2 — Virgil Sanders, Chair

19:00 Kent D. Choquette, University of Illinois, “ ‘Green’ Photonic Laser Sources” [ 95 ]
19:30 Yuri Rostovtsev, University of North Texas, “Quantum coherence excited by far-detuned
optical pulses: generation of X-ray and nuclear radiation” [ 221 ]
20:00 Peter D. Keefe, Keefe and Associates, “Intellectual Property” [ 143 ]
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Thursday Evening Invited Session
Breakout Session 1: Semiconductor Lasers 3.
Location: Ballroom 1 — Kent D. Choquette, Chair

20:50 J. Gary Eden, University of Illinois, “Microcavity Plasma Arrays and Coupling of Semiconductor and Gas Phase Plasmas” [ 105 ]
21:10 Ravi Jain, University of New Mexico, “Diode-pumped High-Power Mid-IR Fiber Lasers
and Amplifiers”
21:30 Weng Chow, Sandia National Laboratory, “Solid-state lighting and the efficiency droop
problem” [ 96 ]
21:50 Nikolai Stelmakh, University of Texas at Arlington, “Shaping spontaneous emission pattern by plasmonic nanocavity” [ 239 ]

Breakout Session 2: Quantum systems and ultra short pulses: time and space.

Location: Magpie A — Yuri Rostovtsev, Chair

20:50 Thomas Pfeifer, Max-Planck Institute for Nuclear Physics, “Measurement and CEP control of isolated attosecond pulse contrast” [ 202 ]
21:10 Hebin Li, Texas A&M University, “Carrier-envelop phase effect of RF pulses: sine vs
cosine” [ 160 ]
21:30 Hichem Eleuch, Texas A&M University, “Analytical Solutions of the Schrodinger Equation in time and space” [ 106 ]
21:50 Verònica Ahufinger , ICREA and Universitat Autònoma de Barcelona, “Coherent patterning of matter waves with subwavelength localization” [ 60 ]

Breakout Session 3: Intellectual Property.

Location: Magpie B — Peter D. Keefe, Chair

20:50 William Blackman, Carrier, Blackman & Associates, “Obtaining a Patent” [ 75 ]
21:10 Dave Morrison, University of Utah, “Searching U.S. And Foreign Patents For Related
Technologies” [ 180 ]
21:30 Howard J. Brubaker, “Marketing Intellectual Property” [ 82 ]
21:50 ., [Title Not Entered]

Breakout Session 4: Quantum Carpets.

Location: Wasatch A — Frank A. Narducci, Chair
20:50 Kenji Ohmori, Institute for Molecular Science, Japan, “Spatiotemporal coherent control
with picometer and attosecond precision; From cold molecules to bulk solids” [ 195 ]
21:10 William Case, Grinnell College, “Optical Carpets from the Talbot and Talbot-Lau Effects”
[ 89 ]
21:30 Ernst M. Rasel, Leibniz Universität Hannover, “Giant Matterwaves” [ 214 ]
21:50 ., [Title Not Entered]
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5.3

Poster session

5:00–7:00 p.m., Thursday, January 7, 2010.
Bernhard Adams, ANL
“Quantum Optics with X-Rays” [ 59 ]
Verònica Ahufinger , ICREA and Universitat Autònoma de Barcelona
“Nonlinear matter wave STIRAP: Coherent control of a Bose-Einstein Condensate in a double well potential
[ 61 ]
Eric Akkermans, Yale University and Technion-Israel
[Title Not Entered]
Dan Allen, Sandia National Laboratories
“Optical bi-stability in terahertz quantum cascade lasers” [ 62 ]
Ulrik Andersen, Technical University of Denmark
“Squeezed light averaging” [ 65 ]
Steven M. Anlage, University of Maryland
“‘Quantum Chaos’ With Classical Waves” [ 67 ]
Doerte Blume, Washington State University
“Tuning the structural and dynamical properties of a dipolar Bose-Einstein condensate: Ripples and instability
islands” [ 78 ]
Hui Cao, Yale University
“Effects of Partial Pumping on Random Lasing Modes in Weakly Scattering Systems” [ 86 ]
Lincoln D. Carr, Colorado School of Mines
“Metastable quantum phase transitions in a periodic one-dimensional Bose gas” [ 88 ]
Yidong Chong, Yale University
“Coherent perfect absorbers” [ 94 ]
Johann Georg Danzl, University of Innsbruck
“An ultracold, high-density sample of rovibronic ground-state molecules in an optical lattice”
J. Gary Eden, University of Illinois
[Title Not Entered]
Hichem Eleuch, Texas A&M University
“New Analytical Solutions of the Schrodinger Equation” [ 107 ]
Claude Fabre, Université Pierre et Marie Curie
“G2 measurements at the femtosecond scale using two-photon absorption”
Li Ge, Yale University
“Probing Random Lasers using Ab Initio Self-Consistent Theory” [ 118 ]
George N. Gibson, University of Connecticut
“Dissipative Control in Thermal Ensembles using Tunneling Ionization” [ 122 ]
Ariunbold Gombojav, Texas A&M University
“Fluctuations in Superfluorescence Delay Time” [ 126 ]
Russell Hart, University of Innsbruck
“Metal-Insulator Transitions and Transport of Ultracold Atoms in Optical Lattices” [ 131 ]
Adilet Imambekov, Rice University
“Exact Solution for 1D Spin-Polarized Fermions with Resonant Interactions” [ 134 ]
Pankaj Kumar Jha, Texas A&M University
“Coherent Control of Three-Photon Absorption under Bichromatic Excitation” [ 136 ]
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Robin Kaiser, CNRS, France
“Cooperative Radiation Pressure and Disorder” [ 139 ]
Peter D. Keefe, University of Detroit Mercy
“Quantum Mechanics and the Second Law of Thermodynamics: Can a Superconductor Heat Engine Break the
Law?” [ 144 ]
Pavel Kolchin, University of California at Berkeley
“Single and Two-Photon Scattering on a Ladder-type Atom in 1D Waveguide” [ 148 ]
Kazuhiko Misawa, Tokyo University of Agriculture and Technology
“Arbitrary vector field shaping of femtosecond pulses by a phase-locked Mach-Zehnder interferometer” [ 178 ]
Kazuhiko Misawa, Tokyo University of Agriculture and Technology
“Vibrational wave-packet control in cyanine dye molecules with free and restricted conjugated backbones” [ 179 ]
Paul D. Nation, Dartmouth College
“Evolution of a Trilinear Hamiltonian: Lessons for Hawking Radiation and Information Loss” [ 185 ]
Chris O’Brien, Texas A&M University
“Coherent Control of Optical Fluorescence Channels in 3-Level Systems” [ 193 ]
Koryun Oganesyan, Yerevan Physics Institute
“Coherent Smith-Purcell Radiation in Millimetre Wavelength Region”
Thomas Pfeifer, Max-Planck Institute for Nuclear Physics
“Attosecond control experiments in the quasi-classical and multiphoton regimes” [ 203 ]
Nitipat Pholchai, University of California at Berkeley
“Spontaneous Emission into Hybrid Plasmonic Waveguide” [ 204 ]
Felipe A. Pinheiro, Instituto de Fı́sica - UFRJ, Brazil
“Lasing threshold of random lasers in three dimensions: spatial extent of laser modes and influence of external
magnetic fields” [ 206 ]
Igor M. Sokolov, State Polytechnic University, St. Petersburg
“Light trapping in high-density, ultracold atomic ensembles applied to the quantum memory problem” [ 235 ]
Nikolai Stelmakh, University of Texas at Arlington
“Modes of a travelling-wave phase-sensitive optical parametric amplifier” [ 240 ]
Dong Sun, Texas A&M University
“Control of ElT and Pulse Propagation by Pulse Shaping” [ 245 ]
Andrew Traverso, Texas A&M University
“Optimizing Stand-Off Superradiant Spectroscopy Via a Genetic Algorithm” [ 250 ]
Sándor Varró, Hungarian Academy of Sciences
“Neutron antibunching in a recent experiment” [ 253 ]
Christoph Weiss, University of Oldenburg
“Generating ‘Schrödinger-cat’ states via scattering of quantum matter wave solitons” [ 263 ]
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poster session, abstract on page 61
“Nonlinear matter wave STIRAP: Coherent control of a Bose-Einstein Condensate in a
double well potential
Eric Akkermans, Yale University and Technion-Israel
poster session
[ No title provided ]
Dan Allen, Sandia National Laboratories
poster session, abstract on page 62
“Optical bi-stability in terahertz quantum cascade lasers”
Ofir E. Alon, University of Heidelberg
Thursday morning, second invited session, abstract on page 63
“Interferences with distinguishable BECs and more”
Ulrik Andersen, Technical University of Denmark
Tuesday evening invited session, abstract on page 64
“Quantum coherence of continuous variable systems can survive complete loss”
Ulrik Andersen, Technical University of Denmark
poster session, abstract on page 65
“Squeezed light averaging”
Steven M. Anlage, University of Maryland
Monday evening invited session, abstract on page 66
“Smaller, Faster, Colder: Superconducting Metamaterials”
Steven M. Anlage, University of Maryland
poster session, abstract on page 67
“‘Quantum Chaos’ With Classical Waves”
Alain Aspect, Institut d’Optique
Thursday morning, first plenary session, abstract on page 68
“Anderson Localization of Matter-Waves in a Controlled Disorder: a Quantum Simulator?”

PQE-2010

37

Harry Atwater, California Institute of Technology
Tuesday morning, first invited session, abstract on page 69
“Plasmonics at the dielectric/metal transition and plasmonic networks”
Vanderlei S. Bagnato, IFSC/ Univeristy of Sao Paulo
Wednesday morning, second invited session, abstract on page 70
“Emergence of Turbulence in a BEC”
Thomas Becker, Max Planck Institute of Quantum Optics
Wednesday evening invited session, abstract on page 71
“New spectroscopic techniques for Rydberg atoms”
Mikhail Belkin, The University of Texas at Austin
Thursday morning, first invited session, abstract on page 72
“THz quantum cascade laser sources for room-temperature operation”
Alexey Belyanin, Texas A&M University
Thursday morning, first invited session, abstract on page 73
“Instabilities, multimode dynamics, and ultrafast modulation of mid-infrared quantum cascade lasers”
Fetah Benabid, University of Bath
Monday morning, first invited session, abstract on page 74
“Towards a CW photonic intensity waveform synthesizer”
William Blackman, Carrier, Blackman & Associates
Thursday evening invited session, abstract on page 75
“Obtaining a Patent”
Miles P. Blencowe, Dartmouth College
Tuesday evening invited session, abstract on page 76
“Analogue Hawking Radiation in a Superconducting Circuit”
Doerte Blume, Washington State University
Thursday morning, first invited session, abstract on page 77
“s-wave interacting Fermi gas under harmonic confinement”
Doerte Blume, Washington State University
poster session, abstract on page 78
“Tuning the structural and dynamical properties of a dipolar Bose-Einstein condensate:
Ripples and instability islands”
Alexandra Boltasseva, Technical University of Denmark/Purdue University
Tuesday evening invited session, abstract on page 79
“Searching for Better Plasmonic Materials”
Robert W. Boyd, University of Rochester
Wednesday morning, second invited session, abstract on page 80
“New Results in Quantum Imaging”
Howard E. Brandt, U.S. Army Research Laboratory
Wednesday evening invited session, abstract on page 81
“Jacobi Fields in Quantum Circuit Complexity Analysis”
Howard J. Brubaker
Thursday evening invited session, abstract on page 82
“Marketing Intellectual Property”

PQE-2010

38

Steve Brueck, University of New Mexico
Monday evening invited session, abstract on page 83
“Large-Area Linear and Nonlinear Nanophotonics”
Leonid Butov, University of California at San Diego
Tuesday morning, first plenary session, abstract on page 84
“Exciton Condensates”
Hui Cao, Yale University
Wednesday evening plenary session, abstract on page 85
“Recent Developments of Random Lasers”
Hui Cao, Yale University
poster session, abstract on page 86
“Effects of Partial Pumping on Random Lasing Modes in Weakly Scattering Systems”
Lincoln D. Carr, Colorado School of Mines
Monday evening invited session, abstract on page 87
“Tunable Molecular Quantum Many Body Dynamics”
Lincoln D. Carr, Colorado School of Mines
poster session, abstract on page 88
“Metastable quantum phase transitions in a periodic one-dimensional Bose gas”
William Case, Grinnell College
Thursday evening invited session, abstract on page 89
“Optical Carpets from the Talbot and Talbot-Lau Effects”
Andrey Chabanov, University of Texas at San Antonio
Tuesday morning, second invited session, abstract on page 90
“Statistics of Fluctuations and Correlation of Localized Waves”
Che-ting Chan, Hong Kong University of Science & Technology
Wednesday morning, first invited session, abstract on page 91
“Illusion effects created using transformation optics”
Thierry Chanelière, Laboratoire Aimé Cotton - CNRS
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Stefan Kröll, Lund University
Thursday morning, first plenary session, abstract on page 153
“Coherent interactions in rare earth ion doped crystals for quantum memory and quantum
computer development”
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“New Horizons of Nanoplasmonics: from SPASER to Attoseconds”
Douglas Stone, Yale University
Thursday morning, second plenary session, abstract on page 242
“Novel Lasing Structures and Phenomena from Ab Initio Theory”
William C. Stwalley, University of Connecticut
Monday morning, second invited session, abstract on page 243
“The electronic spectroscopy of ultracold KRb molecules”
Szymon Suckewer, Princeton University
Wednesday morning, second invited session, abstract on page 244
“Coherently Driven Transitions in He atoms and He-Like Ions for XUV and X-Ray Lasing:
Approach to Experiments”
Dong Sun, Texas A&M University
poster session, abstract on page 245
“Control of ElT and Pulse Propagation by Pulse Shaping”
Anatoly Svidzinsky, Texas A&M University
Thursday morning, second invited session, abstract on page 246
“Design of a quantum dot (well) solar energy convertor utilizing wide solar spectrum”
Pascal Szriftgiser, Laboratoire PhLAM, CNRS, USTL
Thursday morning, first invited session. Runner Up — PQE-2010 Best Abstract. See
page 247
“The Anderson metal-insulator transition with atomic matter waves”
Satoshi Takeuchi, RIKEN
Monday evening invited session, abstract on page 248
“Capturing structural snapshots of reacting molecules by femtosecond time-domain Raman
spectroscopy”
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Eddy Timmermans, Los Alamos National Laboratory
Wednesday evening invited session, abstract on page 249
“Pseudo-spin-spin interactions, hysteresis and macroscopic tunneling in ultra-cold atoms”
Andrew Traverso, Texas A&M University
poster session, abstract on page 250
“Optimizing Stand-Off Superradiant Spectroscopy Via a Genetic Algorithm”
Hakan Tureci, ETH Zurich
Wednesday evening invited session, abstract on page 251
“Nature of lasing modes in weakly scattering disordered media”
Sándor Varró, Hungarian Academy of Sciences
Wednesday evening invited session, abstract on page 252
“Correlations in single-quantum experiments. A note on wave-particle duality”
Sándor Varró, Hungarian Academy of Sciences
poster session, abstract on page 253
“Neutron antibunching in a recent experiment”
Michael Vasilyev, University of Texas at Arlington
Monday morning, second invited session, abstract on page 254
“Multichannel all-optical regeneration”
Stephen P. Walborn, Universidade Federal do Rio de Janeiro
Tuesday evening invited session, abstract on page 255
“Non-Gaussian Entanglement with Spatial Variables of Photons”
Qijie Wang, Nanyang Technological University
Thursday morning, second invited session, abstract on page 256
“Directional emission from deformed microcavities”
Mike Wanke, Sandia National Laboratory
Wednesday morning, second invited session, abstract on page 257
“THz transceivers”
Daniel Wasserman, University of Massachusetts Lowell
Thursday morning, first invited session, abstract on page 258
“Mid-infrared Plasmonics”
Martin Wegener, Karlsruhe Institute of Technology
Monday morning, second plenary session, abstract on page 259
“Towards 3D photonic metamaterials”
Matthias Weidemüller, University of Heidelberg
Monday morning, second invited session, abstract on page 260
“Ultracold Polar Molecules in the Rovibrational Ground State”
Yaakov Weinstein, Mitre Corporation
Wednesday evening invited session, abstract on page 261
“Constructing Photonic Cluster States for Quantum Computattion”
Christoph Weiss, University of Oldenburg
Thursday morning, second invited session, abstract on page 262
“Mesoscopic quantum superpositions of a Bose-Einstein condensate in a periodically shaken
double well”
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Christoph Weiss, University of Oldenburg
poster session, abstract on page 263
“Generating ‘Schrödinger-cat’ states via scattering of quantum matter wave solitons”
Martin Weitz, Universität Bonn
Wednesday evening invited session, abstract on page 264
“Two-dimensional blackbody radiation from an optical microresonator”
George R. Welch, Texas A&M University
Monday evening invited session, abstract on page 265
“Heterodyne Coherent anti-Stokes Raman scattering for spectral phase retrieval and signal
amplification”
Andreas O. J. Wiberg, University of California San Diego
Monday morning, first invited session, abstract on page 266
“Polychromatic Parametric Processing of Ultrafast Fields”
Howard Wiseman, Griffith University
Wednesday evening plenary session, abstract on page 267
“Platonic Love at a Distance”
Hui Xia, Princeton University
poster session, abstract on page 268
“Experimental Schemes for Coherently Driven Transitions in He and He-like Ions for XUV
and X-Ray Lasing”
Lei Xu, Fudan University, Shanghai
Thursday morning, second invited session, abstract on page 269
“Coupled Microcavities for Single Mode Lasing and Biosensing”
Vladislav V. Yakovlev, University of Wisconsin - Milwaukee
Monday evening invited session, abstract on page 270
“Biomedical applications of stimulated Raman scattering”
Alexey Yamilov, Missouri Univeresity of Science and Technology
poster session, abstract on page 271
“Classification of regimes of wave transport in non-conservative random media”
Nikolai Yampolsky, Los Alamos National Laboratory
Monday evening invited session, abstract on page 272
“Demonstration of detuning and wavebreaking effects on laser amplification by means of
backward Raman scattering in plasma”
Deniz D. Yavuz, University of Wisconsin at Madison
Monday morning, first invited session, abstract on page 273
“Continuous-Wave Raman Generation in Molecules”
Jun Ye, JILA/NIST, and University of Colorado
Monday morning, second plenary session, abstract on page 274
“Polar molecules - dipolar collisions and ultracold chemistry”
Li You, QingHua University
Thursday morning, first invited session, abstract on page 275
“Mixtures for two spin-1 condensates”
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Luqi Yuan, Texas A&M University
poster session, abstract on page 276
“The Study of the Pump-Control-Probe Experiment in Cesium Dimer”
Xiang Zhang, University of California at Berkeley
Wednesday morning, first invited session, abstract on page 277
“Optical cloaking and Plasmon lasers”
Aleksei Zheltikov, Moscow State University
Wednesday morning, first plenary session, abstract on page 278
“Ultrafast guided-wave photonics: Colorful ways to tailor ultrashort optical field waveforms”
Nikolay Zheludev, University of Southampton
Monday evening plenary session, abstract on page 279
“Nonlinear and Switchable Metamaterials”
Miaochan Zhi, Texas A&M University
Monday morning, second invited session, abstract on page 280
“Broadband light generation in CVD single crystal diamond”
Fei Zhou, University of British Columbia
Wednesday evening invited session, abstract on page 281
“Beyond mean-field spin dynamics”
Klaus Ziegler, Institut fuer Physik, Universitaet Augsburg
Thursday morning, first invited session, abstract on page 282
“Anderson localization in fermionic mixtures”
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7

Abstracts

The following pages contain the abstracts submitted by the participants.

7.1

Best abstract award.

We are delighted to announce the winners of the PQE-2010 inaugural “Best Abstract” awards.
Without further ado, the winners are:
• Winner: Scott Pollack, Thursday Morning Invited Session 1, “Interaction Effects in Anderson
Localization of an “Interaction Effects in Anderson Localization of an Ultracold Atomic Gas”.
See page 208.
• Runner up: Pascal Szriftgiser, Thursday Morning Invited Session 1, “The Anderson metalinsulator transition with atomic matter “The Anderson metal-insulator transition with atomic
matter waves”. See page 247.
After the abstracts were submitted, participants voted for their favorites. Voting was open for a
week after then abstract deadline, and after the voting was concluded a committee selected by the
PQE organizers determined the winners. The committee consisted of George R. Welch from Texas
A&M University, Frank A. Narducci from the Naval Air Systems Command, and Mark D. Havey
from Old Dominion University. The committee considered 4 factors in reaching their decision:
1. Participants votes.
2. Clarity. The abstract should effectively communicate what the talk will be about. It should
entice the reader to come to the talk.
3. Presentation. The abstract should look good. This pretty much requires at least one nice
figure. Graphics are good. Clear, pretty, graphics are better!
4. Efficient use of space. PQE allows an 8.5x11 inch page (minus 2 cm margins). This is a lot
of room, and we would like to see it used well. One short paragraph leaving most of the page
blank is bad. An entire page crammed with single-spaced 8 point font is also bad.
The winner receives dinner at the Aerie Restaurant at Snowbird, and recognition in this book.
The first runner up receives recognition in this book. This was the first year for the “Best Abstract”
award, and we believe it was a success. Please note the high quality of many of the submitted
abstracts. The organizers thank all the participants who took the trouble to prepare good abstracts,
and we welcome all feedback on this effort.
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7.2

Rendering of the abstracts.

The actual PDF files submitted by the participants were rendered into 600 dpi monochrome bitmaps
using the pdftoppm open source software, which is part of the xpdf software suite, and then printed
for this book.
A version of this book including the original PDF submitted by participants, preserving color, is
included on the CD-rom distributed to all conference participants.
If you are interested in why this was done, keep reading.
Although the “P” in PDF stands for “Portable,” these files are often not as portable as some
people would like. Issues of font embedding are among the worst, but versioning issues also persist,
and there are others. It is our desire that when you submit your abstract, we show you exactly what
it will look like when we print it. If we attempt to print your PDF files directly, we will never be
sure that what we print is what you expect. By rendering the file to bitmaps immediately after they
are submitted, and showing you the resulting bitmap, we can at least make sure that you know
what you will get.
None of that requires us to render the files to monochrome, but that will be to save on printing
cost.
Besides, the xpdf rendering software is very mature, open source, and really cool.

7.3

Abstracts

All the submitted abstracts follow.
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Speaker: Victor Acosta
Session: Quantum coherence effects in solids
Schedule: Thursday Morning Invited Session 2
Perfect defects? Spin-ensemble magnetometry with Nitrogen-Vacancy centers in
diamond

V. M. Acosta,1 E. Bauch,1, 2 L. J. Zipp,1 M. P. Ledbetter,1
L. S. Bouchard,3 C. Kim,4 P. Hemmer,4 A. Waxman,5 and D. Budker1, 6

4

1 Department of Physics, University of California, Berkeley, CA 94720-7300
2 Technische Universität Berlin, Hardenbergstraÿe 28, 10623 Berlin, Germany
3 Department of Chemistry, University of California, Los Angeles, CA 90095

Department of Electrical Engineering, Texas AM University, College Station, TX 77843
5 Department of Physics, Ben-Gurion University, Be'er-Sheva, 84105, Israel
6 Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley CA 94720, USA

fluorescence
detection

532 nm
laser

a)
B[111] ~14 G

diamond

BSCCO
in LN2

NV central frequency [MHz]

Magnetometers based on NV ensembles in diamond [13] promise sensitivity comparable to superconducting
quantum interference devices (SQUIDs) and alkali vapor magnetometers in a highly scaleable solid state system
(down to the nanometer scale [4, 5]) that can be operated over a wide range of temperatures. Recent
estimates
√
predict that diamonds with a typical dimension of 100 µm have the potential to achieve sub-pT/ Hz sensitivity
[2]. Major challenges to overcome in achieving such sensitivity include improving the collection eciency and
contrast of the optical readout and optimizing the materials properties to control the local environment. We
report progress in sample preparation to produce diamonds with impurity concentrations and optical properties
optimized for such magnetometers [2]. We also present results from initial experiments measuring the Meissner
eect in high-Tc superconductors [3] (see Fig. 1) and propose to extend this technique to measuring ner features
such as domain boundaries, vortices, and even nanoclusters. Finally the temperature dependence of the magnetic
resonance spectra [6], the presence of transverse strain, and other technical challenges are discussed.
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FIG. 1: Recent results from Ref. [3]. (a) Apparatus used to measure the Meissner eect in a high-Tc superconductor
(BSCCO). Fluorescence detected magnetic resonance spectra of the ms = 0 ↔ ms = +1 transition of [111]-oriented NV
centers were taken for dierent BSCCO temperatures. An applied magnetic eld of ∼ 14 G was present for all scans. (b)
Center frequencies of the NV resonances as a function of BSCCO temperature for several dierent runs and sigmoid t
(inset). The ts yield Tc = 102(3) K which is in agreement with the literature values.

[1] J. M. Taylor, P. Cappellaro, L. Childress, L. Jiang, D. Budker, P. R. Hemmer, A. Yacoby, R. Walsworth, and M. D.
Lukin, Nat Phys 4, 810 (2008).
[2] V. M. Acosta, E. Bauch, M. P. Ledbetter, C. Santori, K. M. C. Fu, P. E. Barclay, R. G. Beausoleil, H. Linget, J. F.
Roch, F. Treussart, et al., Physical Review B (Condensed Matter and Materials Physics) 80, 115202 (2009).
[3] L. S. Bouchard, E. Bauch, V. M. Acosta, and D. Budker, Detection of the meissner eect with a diamond magnetometer
(2009), arXiv:0911.2533v1 [cond-mat.supr-con].
[4] J. R. Maze, J. M. Taylor, and M. D. Lukin, Physical Review B 78 (2008).
[5] G. Balasubramanian, I. Y. Chan, R. Kolesov, M. Al-Hmoud, J. Tisler, C. Shin, C. Kim, A. Wojcik, P. R. Hemmer,
A. Krueger, et al., Nature 455, 648 (2008).
[6] V. M. Acosta, E. Bauch, M. P. Ledbetter, A. Waxman, L.-S. Bouchard, and D. Budker, Temperature dependence of
the nitrogen-vacancy magnetic resonance in diamond (2009), arXiv:0911.3938v2 [cond-mat.mes-hall].
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Speaker: Bernhard Adams
Session: Nuclear Gamma-ray Superradiance
Schedule: Monday Morning Invited Session 1

Manipulation of Nuclear γ-Ray Superradiance
Bernhard W. Adams
Advanced Photon Source, Argonne National Laboratory, 9700 S. Cass Ave., Argonne, Il. 60439
Superradiance, i.e., the collective spontaneous emission from an ensemble of atoms occurs if the sample
is optically thick and is prepared in an entangled excited state where all (or, at least, most) terms
contribute in constructive interference. In a small sample (compared to the wavelength), this is a
symmetric or near-symmetric Dicke state [1]. For a larger sample the symmetric state has to be
replaced with one where the contributing terms have the same modulus and carry appropriate phase
factors for directional emission (“timed Dicke state”, [2, 3]). At first glance it appears impossible to
prepare this homogeneous state through photon absorption in an optically thick sample because the
incident wave would be attenuated. This apparent contradiction can be resolved by increasing the
optical thickness between photon absorption and emission. In the case of nuclear γ-ray superradiance
from 57 Fe, the single-atom excited-state lifetime is about 100 ns, which makes switching of the optical
thickness quite feasible. Two ways of doing so are proposed, 1) the “deck of cards”, and 2) use of
rapid structure-factor changes in a crystal to switch the Borrmann effect of anomalous transmission.
A discussion of the latter is somewhat technical, so suffice it to say that the scattering structure factor
of a crystal can be changed rapidly through piezoelectric displacement of atoms within a unit cell, and
this modifies the coupling of diffracting waves and their effective refractive indices. Thus, atoms excited
coherently from a low-coupling (anomalous-transmission) mode can be made coherent for emission into
a strong-coupling mode.
The deck of cards is conceptually easier to describe, but probably more difficult to realize in practice
because it involves the transport of coherent subensembles over macroscopic distances. A schematic of
the idea is shown in Fig. 1.
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Figure 1: Switching optical thickness: on the left, optically thin foils of the superradiance sample are
laid out next to each other, and are excited coherently. Within the lifetime, they are stacked up like
a deck of cards (middle), thus increasing the optical thickness. A way of doing this is shown on the
right where two counterrotating disks have micron-thin line patterns of 57 Fe deposited on them. During
synchrotron-pulse excitation the lines are out of registry with each other. During the lifetime, they
move to lie in-line with respcet to the excitation and emission directions. The disks need to be the size
of hard-drive platters, and need to spin at about the same rate.

References
[1] R.H. Dicke. Coherence in spontaneous radiation processes. Phys. Rev., 93:99–110, 1954.
[2] 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.
[3] M.O. Scully. Correlated spontaneous emission on the Volga. Laser Physics, 17:635–646, 2007.

PQE-2010

58

Speaker: Bernhard Adams
Session: Poster Session
Schedule: poster session

Quantum Optics with X-Rays
Bernhard W. Adams
Advanced Photon Source, Argonne National Laboratory, 9700 S. Cass Ave., Argonne, Il. 60439
Quantum optics is usually associated with light, and particularly with laser light, mainly because
of readily available intrumentation: Lasers are capapble of highly defined modal purity and photon
statistics, high-quality optics are available, and photon detection is possible at reasonable levels of
efficiency and noise.
Increasingly, these properties are available with x-rays, too: free-electron lasers for hard x-rays (XFEL)
are now coming on-line, such as the Linac Coherent Light Source (LCLS) at Stanford, and x-ray optics
are undergoing rapid development. Detection of x-ray photons is possible at more than 99% efficiency
and low noise levels.
Quantum-optical experiments using x-rays are thus feasible, and are interesting for both fundamental
understanding of quantum physics, and for the interpretetation of data from novel x-ray sources, such
as XFELs. Three examples will be shown: The first is parametric down conversion of x-rays (XPDC),
i.e., the spontaneous decay of x-ray photons into pairs of entangled photons. Experimental results
[1, 2, 3, 4] will be shown that clearly show the correlation of these photon pairs (see Fig. 1), and
ways to demonstrate entanglement will also be discussed. The other two examples are manipulation of
nuclear γ-ray superradiance (see also talk) and detection of the Casimir force at sub-nm length scales.
Experiments on the latter two are currently in the planning phase.
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Figure 1: Left: Setup for detection of XPDC in a synchrotron radiation laboratory. The sample where
the conversion takes place is a diamond crystal at the center of the diffractometer, and two detectors
to register the photon pairs are on the arm pointing left. Right: Time and energy correlation peak of
detected photon pairs indicating down conversion.

References
[1] 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.
[2] 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.
[3] B.W. Adams, editor. Nonlinear Optics, Quantum Optics and Ultrafast Pheneomena with x-rays. Kluwer Acad.
Publishers, Boston, 2003.
[4] B.W. Adams unpublished.
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Speaker: Verònica Ahufinger
Session: Quantum systems and ultra short pulses: time and space
Schedule: Thursday evening invited session

Coherent Patterning of Matter Waves with Subwavelength Localization
V. Ahufinger,1,2 J. Mompart,1 G. Birkl.3
1

Departament de Física, Universitat Autònoma de Barcelona, E-08193, Bellaterra, Spain
2
ICREA – Institució Catalana de Recerca i Estudis Avançats, Barcelona, Spain
3
Institut für Angewandte Physik, Technische Universität Darmstadt, Schlossgartenstraβe 7, D-64289, Darmstadt, Germany

Abstract: We propose the Subwavelength Localization via Adiabatic Passage (SLAP) technique to coherently
achieve state-selective patterning of matter waves well beyond the diffraction limit.

The highly controlled manipulation of atomic matter waves has proven to be an exciting field of research in
recent years and in this context, subwavelength atom localization has devoted a lot of attention. Recently, there
have been several proposals [1-3] for subwavelength atom localization in three-level atoms with spatially
modulated dark state created by means of either electromagnetically induced transparency (EIT) or coherent
population trapping (CPT) [4].
In the present work, we propose the Subwavelength Localization via Adiabatic Passage (SLAP) technique
[5], consisting in coupling two partially overlapping and spatially structured laser fields to three internal levels of
the matter wave yielding state-selective localization at those positions where the adiabatic passage [6] process
does not occur. We show that a ’super-localization’ regime beating the previously introduced CPT localization
technique [2] can be reached. We analyze the potential implementation of the SLAP technique for nanolithography with an atomic beam of metastable Ne* and for coherent patterning of a two-component 87Rb BEC.
In the case of nanolithograhy, we show the possibility to imprint high contrast patterns structures whith FWHM
approaching the single nanometer scale (Fig.1). The study of coherent patterning of a two-component 87Rb BEC
in the super-localization regime shows that it is possible to overpass the Heisenberg limit (Fig.2). Since
localization occurs at the nodes of one of the involved laser fields, more evolved patterning schemes can be
realized by extending the present 1D configuration to higher dimensions or by using intensity nodes of higherorder Laguerre-Gauss modes or light fields of custom-made micro-optical elements. SLAP technique for
coherent patterning of a BEC could be applied to produce a collection of parallel, coherent, and extremely
collimated (pulsed) atom lasers or to investigate the matter wave analogue of the optical Talbot effect.

Fig. 1 SLAP technique for a Ne* matter wave.
(a) Relevant energy levels. (b) Final spatial population
distribution around a node of the SW.

Fig. 2 SLAP technique for a 87Rb BEC. Time evolution of:
(a) Mixing angle at one of the SW anti-nodes. (b) Contour plot of
the density distribution of atoms in one of the BEC internal
states. (c) FWHM of the central localized structure.

References
[1] M. Holland et al., Phys. Rev. Lett. 76, 3683 (1996); E. Paspalakis and P. L. Knight, Phys. Rev. A 63, 065802 (2001); M. Sahrai et al.,
Phys. Rev. A 72, 013820 (2005); J. Cho, Phys. Rev. Lett. 99, 020502 (2007); A. V. Gorshkov et al., Phys. Rev. Lett. 100, 093005 (2008).
2 G. S. Agarwal, K. T. Kapale, J. Phys. B: At. Mol. Opt. Phys. 39, 3437 (2006).
[3] H. Li et al., Phys. Rev. A 78, 013803 (2008).
4 E. Arimondo, in Progress in Optics edited by E. Wolf, Vol. XXXV, p. 257 (Elseveir Science, Amsterdam, 1996).
[5] J. Mompart, V. Ahufinger, and G. Birkl, Phys. Rev. A 79, 053638 (2009).
[6] K. Bergmann, H. Theuer, and B. W. Shore, Rev. Mod. Phys. 70, 1003 (1998).

PQE-2010

60

Speaker: Verònica Ahufinger
Session: Poster Session
Schedule: poster session

Nonlinear matter wave STIRAP: Coherent control of a Bose-Einstein
Condensate in a double well potential
V. Ahufinger,1,2 C. Ottaviani, 1 R. Corbalán,1 J. Mompart.1
1

Departament de Física, Universitat Autònoma de Barcelona, E-08193, Bellaterra, Spain
2
ICREA – Institució Catalana de Recerca i Estudis Avançats, Barcelona, Spain

Abstract: We show that the adiabatic dynamics of a Bose-Einstein condensate (BEC) in a double well potential
can be described in terms of a dark variable resulting from the combination of the population imbalance and the
spatial atomic coherence between the two wells. In this context, we investigate the conditions to adiabatically
split or transport a BEC as well as to prepare an adiabatic self trapping state by means of adiabatic passage.

Recently, weakly linked parts of a BEC forming a single Josephson junction have been achieved [1] showing
that the interatomic interactions play a crucial role leading to anharmonic oscillations [2] or to macroscopic
quantum self-trapping [3]. Here we focus on the coherent control of the dynamics of a BEC in a double well
potential. There have been several recent proposals to coherently manipulate single atoms [4] and BECs [5] in
triple well potentials by adiabatically following a particular energy eigenstate of the system, the so-called spatial
dark state in a close analogy to the well known quantum optical Stimulated Raman Adiabatic Passage (STIRAP)
technique [6]. Accordingly, these tools were named Three-Level Atom Optics (TLAO) techniques [4]. In this
work we extend the TLAO techniques to the two-level case applying the ideas of Feynman et al. and Vitanov et
al. [7] to the external degrees of freedom of matter waves. We show that the adiabatic dynamics of a BEC in a
double well potential (Fig. 1) can be described in terms of a dark variable resulting from the combination of the
population imbalance and the spatial atomic coherence [8]. This dark variable can be tailored varying in time the
tunneling rate, the energy bias, and the non-linearity with the goal of (i) adiabatically splitting of the BEC (Fig.
2a), (ii) complete BEC transfer from one well to the other (Fig. 2b); and (iii) preparation of an adiabatic selftrapping state.

(a)

(b)
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Fig. 1

(a) BEC double-well potential where  is the tunneling
rate and  the difference between the on-site energies. L,R are the
localized ground states of each isolated trap. (b) Three-level
mapping of (a) to the density matrix variables and coupling
strengths. w is the population difference between the two wells, u
(v) is the real (imaginary) part of the spatial coherence, and U is
the non-linear self-interaction energy. (ħ =1).

Fig. 2

Population difference w(tout) at the end of the (a) splitting
process and (b) BEC transport as a function of the nonlinear
interaction energy. Initial conditions: w(tin) = −1 and u(tin) = v(tin) =
0. The temporal variation of the energy bias and the tunneling rate is
shown in the inset.
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Optical bistability in terahertz quantum cascade lasers
Dan G. Allen, Charles T. Fuller, Terry Hargett, John L. Reno, Michael C. Wanke

Sandia National Laboratories, P.O. Box 5800 Albuquerque, New Mexico 871851082 U.S.A.
Abstract: We observed complex mode competition in distributed feedback quantum cascade lasers,
including transverse mode bi‐stability and power cycling between modes with increasing bias. The novel
behaviors are due to formation and migration of laterally localized high‐bias domains in the superlattice
region, and corresponding lateral shifts of the optical gain and photon‐assisted current.
Terahertz quantum cascade lasers (QCLs) are based on intersubband emission from vertically cascaded epitaxial
quantum well structures. Maximum superlattice current and gain is achieved when the injector and upper laser
state conduction subband levels are resonantly aligned. Beyond this bias, devices show negative differential
resistance (NDR). With enough excess voltage, bias domains form whereby the excess voltage is dropped across
one or more active region periods in the cascade to maintain resonant alignment of the remaining periods.
We observed complex transverse mode behavior in Al0.15Ga0.85As/GaAs terahertz QCLs utilizing a surface
plasmon ridge waveguide, with a first order distributed feedback (DFB) grating for single longitudinal mode
operation. We made spectral and far‐field beam pattern measurements on a variety of laser ridge widths and
lengths, and DFB grating periods and duty cycles. For biases below the onset of NDR, distinct lasers showed
different types of transverse mode behavior including: (i) exclusive TM00 mode lasing, (ii) exclusive TM01 mode
lasing, (iii) dual mode lasing, and (iv) bi‐stable lasing (modal hysteresis) with mode switching from TM00 to
TM01 lasing at the NDR threshold that persists at lower biases. When biased above the onset of NDR, the bi‐
stable lasers showed dual mode operation, where the optical intensity shifted cyclically between the modes as a
function of bias.
The observed behaviors are consistent with the formation of laterally localized high‐bias domains in the
superlattice active region at the onset of NDR, with migration of the domains from edge to center with increasing
bias, and corresponding shifts of photon‐assisted current between the center and edge regions.

Figure: THz QCL emission spectrum (log color scale) for increasing (upper left) and decreasing (upper middle)
bias. The low frequency mode is TM00; the high frequency mode is TM01. Bi‐stability is robust below the
threshold for NDR (2.8 V), with no observed hysteresis in the multimode region above NDR. (Upper right) L‐V
and I‐V curves showing discontinuous change in measured emission switching from (1) TM00 to (2) TM01
lasing, primarily due to the difference in collection efficiency for the single‐lobed TM00 beam pattern (lower
left, linear scale), versus the divergent dual‐lobed TM01 mode pattern, (lower right) with collection aperture
NA~0.5.
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Interferences with distinguishable BECs and more
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

We consider two distinguishable Bose-Einstein condensates (BECs) which are allowed to
expand and overlap. The densities of the two BECs show interferences as a function of
time due to interspecies interaction. The mechanism behind the phenomenon – interaction assisted self-interference – is discussed [1]. If the two BECs are made of the same
kind of atoms, coherence can develop due particle-particle interaction. The build-up of
coherence depends strongly on time and other parameters of each BEC [2]. We then move
to mixtures of cold bosonic atoms in optical lattices, and demonstrate that they undergo
demixing (phase separation) on different length scales with increasing interspecies repulsion. As a general rule, the stronger the intraspecies interactions, the shorter is this
length scale. The wealth of phenomena is demonstrated by illustrative examples on both
superfluids and Mott insulators.

[1] 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 362, 453 (2007).
[2] O. E. Alon, A. I. Streltsov, and L. S. Cederbaum, Phys. Lett. A 373, 301 (2009); A. I.
Streltsov, O. E. Alon, and L. S. Cederbaum, Phys. Rev. Lett. 99, 030402 (2007).
[3] O. E. Alon, A. I. Streltsov, and L. S. Cederbaum, Phys. Rev. Lett. 97, 230403 (2006); O.
E. Alon, A. I. Streltsov, and L. S. Cederbaum, Phys. Rev. A 76, 013611 (2007).
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Quantum coherence of continuous variable
systems can survive complete loss
U.L. Andersen1, M. Lassen1, M. Sabuncu1,2, A. Huck1,
G. Leuchs2, J. Niset3 and N.J. Cerf3
1. Department of Physics, Technical University of Denmark, 2800 Lyngby, Denmark
2. Max-Planck Institute for the Science of Light, Erlangen, Germany
3. Quantum Information and Communication, Universite Libre de Bruxelles, Brussels, Belgium

Abstract: We experimentally implement a continuous variable quantum erasure
correcting code protecting two coherent states against complete loss.
Since the discovery of quantum error correcting codes (QECC) by P. Shor and A. Steane
in 1995 [1,2], a new era in quantum information processing has arisen. From being a field
mostly of a theoretical interest, quantum computing has become viewed, after these
pioneering papers, as a potential practical alternative to classical information processing.
The progress in this direction over the last decade has been extensive, principally on the
theoretical side. The experimental progress has been much more modest, however, and
has been mainly focused on qubit-based QECC. In contrast, the concept of quantum
codes for continuous-variable systems has only been slightly touched upon, with the
seminal papers of S. Braunstein, S. Lloyd, and J. Slotine dating back to 1998 [3,4], and a
recent experimental demonstration where coherent states were protected against
displacement noise using a complex setup [5].
We have implemented for the first time a quantum erasure-correcting code protocol for
continuous variables, which protects multi-photonic quantum information from complete
erasure. The code is surprisingly simple and can therefore be realized with an optical
setup of reasonable complexity [6]. It is capable of protecting two signal states at the
time against the erasure (or loss) of one of the four information-carrying mode. We
demonstrate the viability of our protocol with convincing results that fit the theoretical
predictions.
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Squeezed Light Averaging
M. Lassen1, R. Filip2 L. Madsen1, M. Sabuncu1,3 and U.L. Andersen1
1. Department of Physics, Technical University of Denmark, 2800 Lyngby, Denmark
2. Department of Optics, Palacky University, 772 07 Olomouc, Czech Republic
3. Max-Planck Institute for the Science of Light, Erlangen, Germany
Abstract: We propose and experimentally demonstrate a continuous variable quantum averaging
protocol for a single quadrature that outperforms the standard averaging procedure.

Suppose you have two squeezed state resources with different, unknown degrees of
squeezing. Which resource will you use for your squeeze light experiment? Probably the
one with the highest degree of squeezing, but since the squeezing degrees are unknown it
is not possible simply to choose the best source. One selection strategy is to randomly
choose one of the sources which will generate a source with quadrature variance
V=(V1+V2)/2 where V1 and V2 are the squeezing variances of the individual sources.
This averaging procedure (yielding the arithmetic mean of the inputs) can be improved
by using an averaging method that produces the harmonic mean: 1/V=(1/V1+1/V2)/2.
Such an averaging transformation for a single quadrature can be realized using a
single beam splitter followed by homodyne measurement and feedforward as shown in
figure a. If the input squeezing variances are known the protocol can be deterministic
(where all quadrature outcomes are used to drive a displacement operation in the other
output). However, since the input states have unknown squeezing degrees the
deterministic protocol can not be used. By resorting to a probabilistic protocol where the
output state is selected based on the quadrature measurement outcomes, it is however
possible to construct the harmonic mean without knowing the input variances.
The averaging transformation is experimentally implemented by combining two
squeezed states on a symmetric beam splitter, measuring the quadrature of one output and
heralding the other output based on the measured information: If the quadrature
measurement is close to zero we keep the remaining part of the state, otherwise we
discard it. The measurement results for the transformed variance as a function of the
success probability are shown in the figure c.

Figure:. a) Protocol for implementing the harmonic mean transformation. b) Variance of the output
state after heralding. The upper horizontal line corresponds to the arithmetic mean and the lower line is
the quantum noise level (QNL). We plot the various realizations (red squares) associated with different
selection thresholds of the measured quadrature. The input variances of the two sources are V1=0.62
(relative to the shot noise limit) and V2=1.83. The theoretical arithmetic mean is V=1.2 and the theoretical
harmonic mean is V=0.93 which is very close to the converging experimental value for low success rates.
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Smaller, Faster, Colder: Superconducting Metamaterials
Steven M. Anlage*
Center for Nanophysics and Advanced Materials,
Physics Department, University of Maryland, College Park, Maryland 20742-4111 USA
Tel. +1 301 405 7321, Fax +1 301 405 3779. anlage@umd.edu
We have developed a class of superconducting metamaterials and demonstrated their low loss
electromagnetic properties. Superconducting split-ring resonators (SRRs) have lower metallic losses at microwave
frequencies than do normal metal SRRs. In addition, their properties (e.g. negative effective permeability µeff) are
highly tunable with either a change in temperature, an applied DC magnetic field or variations of the RF power of the
applied electromagnetic wave. Superconductors can support quantized vortices of magnetic flux, and this property can
be used to tune the inductance and magnetic resonances of metamaterials. We have demonstrated tuning using both
DC and RF magnetic vortices. Magneto-optical imaging has been used to visualize the locations of vortex entry into
superconducting SRRs, and laser scanning microscopy images reveal the microwave current density profile and RF
vortex flow in the SRR (see images below). We are now investigating methods to decrease the size of the metamaterial
‘atoms’ for applications requiring compact structures. We are also harnessing the fundamental properties of
superconductors (such as kinetic inductance) to further enhance the tunability of our metamaterials.
* In collaboration with M. Ricci, N. Orloff, H. Xu, A. Ustinov, A. Zhuravel, R. Prozorov, L. Adams, and C. Kurter.
This
work
is
supported
by
ONR.
For
further
details
and
references,
see:
http://www.cnam.umd.edu/anlage/AnlageSCNIR.htm.

f = 5.146 GHz

Magneto-optic image of a superconducting Nb thin
film split-ring resonator (SRR) in a perpendicular DC
magnetic field of 110 Oe at a temperature of 4.7 K.
The film was zero-field cooled through its transition
temperature. The light areas correspond to large
magnetic flux while the dark areas correspond to
diamagnetic regions of the sample. The white regions
inside the structure indicate DC magnetic flux
penetration into the SRR, and give rise to changes in
the frequency range of µeff < 0 of a metamaterial made
up of these elements. Image by R. Prozorov, Ames
Laboratory.
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Laser
scanning
microscope
image
of
a
superconducting YBa2CuO7-δ (YBCO) thin film SRR
at 80 K and 5.146 GHz on a NdGaO3 (NdGaO)
dielectric substrate. Red and green colors correspond
to strong RF photoresponse, while blue is near zero.
The image can be interpreted as showing the standing
wave pattern of resonant RF current, with large
current buildup at the edges and inside corners. Upon
closer examination, RF vortex entry is seen at the
inside corners with large (red) photoresponse. Image
by A. Zhuravel and A. Ustinov, Univ. of Karlsruhe.
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‘Quantum Chaos’ With Classical Waves
Steven M. Anlage*
Physics Department and Center for Nanophysics and Advanced Materials,
University of Maryland, College Park, MD 20742-4111, USA.
Chaos is a ubiquitous phenomenon in the classical world. It appears in dripping faucets, human
heartbeats, electrical circuits, mechanical structures, etc. However, there is now great interest in the wave
and quantum properties of systems that show chaos in the classical (short wavelength) limit. These ‘wave
chaotic’ systems appear in many contexts: nuclear physics, acoustics, two-dimensional quantum dots,
random lasers, and electromagnetic enclosures, for example. Random Matrix Theory (RMT) makes
predictions for many universal fluctuating properties of quantum/wave systems that show chaos in the
classical/ray limit. Microwave cavities, with classically chaotic ray dynamics, have proven to be a fruitful
test-bed for the experimental tests of universal fluctuations in wave-chaotic systems. We have developed a
microwave cavity experiment that mimics solutions to the Schrödinger equation for a two-dimensional
infinite square well potential, and developed protocols to eliminate system-specific details (coupling,[1]
short-orbits [2]) that would otherwise obscure the underlying universal properties. I will present
experimental tests of RMT predictions of both closed and open quantum systems, as simulated by our
microwave cavity analog experiment.[3] As a specific example we have examined quantum interference
effects in the transport properties of mesoscopic systems, as simulated in the microwave cavity. The
Landauer-Büttiker formalism is applied to obtain the conductance of a corresponding mesoscopic quantumdot device, and we find good agreement for the probability density functions of the experimentally derived
surrogate conductance (universal conductance fluctuations), as well as its mean and variance, with the
theoretical predictions based on RMT.[4] We are also investigating the physics of fidelity decay (a concept
borrowed from quantum mechanics) through measurement of the Loschmidt echo with classical waves.
These studies exploit ray chaos and a single-channel time-reversal mirror, and have led to development of a
new class of wave-based sensors [5].
* In collaboration with T. Antonsen, E. Ott, B. Taddese, J-H. Yeh, E. Bradshaw, S. Hemmady, X. Zheng,
F. Schaefer, and J. Hart. This work is supported by AFOSR and by ONR MURI N000140710734 and
ONR
AppEl.
For
more
information
and
reprints,
see:
http://www.cnam.umd.edu/anlage/AnlageQChaos.htm.
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in Wave Chaotic Systems," Phys. Rev. Lett. 94, 014102 (2005).
[2] Jen-Hao Yeh, J. Hart, E. Bradshaw, T. Antonsen, E. Ott, S. M. Anlage, “Universal and non-universal
properties of wave chaotic scattering systems.” arXiv:0909.2674
[3] S. Hemmady, X. Zheng, T.M. Antonsen, E. Ott, S.M. Anlage, "Universal Properties of Two-Port
Scattering, Impedance and Admittance Matrices of Wave Chaotic Systems," Phys. Rev. E 74
, 036213 (2006).
[4] S. Hemmady , J. Hart , X. Zheng, T. M. Antonsen Jr., E. Ott, S. M. Anlage, “Experimental Test of
Universal Conductance Fluctuations by means of Wave-Chaotic Microwave Cavities,” Phys.
Rev. B 74, 195326 (2006).
[5] B. T. Taddese, J. Hart, T. M. Antonsen, E. Ott, and S. M. Anlage, “Sensor Based on Extending the
Concept of Fidelity to Classical Waves,” Appl. Phys. Lett. 95, 114103 (2009).
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ANDERSON LOCALIZATION OF MATTER-WAVES IN A
CONTROLLED DISORDER: A QUANTUM SIMULATOR?
Alain Aspect
Institut d’Optique
Palaiseau, 91127, France
In 1958, P.W. Anderson predicted the localization1 of electronic wave functions in
disordered crystals, and the resulting absence of diffusion. It has been realized later that
Anderson Localization is ubiquitous in wave physics2 as it originates from the interference
between multiple scattering paths, and this has prompted an intense activity to observe it
with light waves, microwaves, sound waves, and electron gases, but to our knowledge there
was no direct observation of exponential spatial localization of matter-waves (electrons or
others).
We have observed directly3 exponential localization of the wave function of ultracold atoms
released into a one-dimensional waveguide in the presence of a controlled disorder created
by laser speckle. We will present this work, and elaborate on the significance of 1D
Anderson localization4. We will discuss the prospects of extending that type of study to
quantum gases in higher dimensions (2D and 3D) and with controlled interactions. We will
also comment on the significance of such experiments in the rapidly evolving domain of
quantum simulators to study difficult problems of Condensed Matter.

1
Anderson, P.W. Absence of diffusion in certain random lattices. Phys. Rev. 109,
1492-1505 (1958).
2
Van Tiggelen, B. Anderson localization of waves. In Wave diffusion in complex
media 1998, edited by J.P. Fouque, Les Houches Lectures (Kluwer, Dordrecht, 1999).
3
Juliette Billy, Vincent Josse, Zhanchun Zuo, Alain Bernard, Ben Hambrecht,
Pierre Lugan, David Clément, Laurent Sanchez-Palencia, Philippe Bouyer & Alain Aspect.
Direct observation of Anderson localization of matter-waves in a controlled disorder,
Nature, 453, 891 (2008).
Work published back to back with a related work in the Inguscio’s group at Florence: G.
Roati et al., Anderson localization of a non interacting Bose-Einstein Condensate, Nature,
453, 895 (2008).
4
Pierre Lugan, Alain Aspect, Laurent Sanchez-Palencia, Dominique Delande,
Benoît Grémaud, Cord A. Müller, Christian Miniatura One-Dimensional Anderson
Localization in Certain Correlated Random Potentials, Phys Rev. A80, 023605 (2009)
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Plasmonics at the dielectric/metal transition and plasmonic networks:
sculpting the flow of light at the nanoscale
Harry A. Atwater, Eyal Feigenbaum, Koray Aydin and Imogen Pryce
Thomas J. Watson Laboratories of Applied Physics
California Institute of Technology, Pasadena, CA 91125

Materials exhibit remarkable properties at the borderline
between insulating and metallic behavior. We show that
giant local refractive index changes are achievable for
carrier densities at the dielectric/metal transition in
conducting oxides. Using transparent conducting oxide
thin films as the active layer of a plasmonic field effect
gated device, we measure extensive local refractive
index change (up to 75% of its original value) in the
accumulation layer at the visible frequencies by
applying moderate voltages. This large change in a
nanoscale layer is shown to induce a substantial change
to the effective index (~0.08) of plasmonic waveguide
modes supported by the structure.
A resonant guided wave network (RGWN) is an
approach to optical materials design in which power
propagation in guided wave circuits enables material
dispersion. The RGWN design, which consists of
power-splitting elements arranged at the nodes of a
waveguide network, results in wave dispersion which
depends on network layout due to localized resonances
at several length scales in the network. These structures
exhibit both localized resonances with Q ~ 80 at 1550
nm wavelength as well as photonic bands and band-gaps
in large periodic networks at infrared wavelengths.

Fig. 1 The complex refractive index in a 5
nm accumulation layer of a field effect
modulated conducting oxide thin film,
measured by ellipsometry. Shown are
refractive index values for carrier densities
in the range from 5 x 1020 – 1 x 1021 /cm3,
at various field effect gate voltages.

Fig. 2. 3D-FDTD simulation of resonantly-excited channel plasmon waveguide network excited by Expolarization; plan-view (left and center panels) and cross-sectional (right panel) snapshots of the H-field
in the parallel plane 0.1μm underneath the Au-air interface (z=0.9μm) and in the plane normal to the
Au-air interface (y=0).
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Emergence of turbulence and fragmentation for excited
Bose-Einstein condensate
V.S. Bagnato
Instituo de Fisica de Sao Carlos – Univeristy of S. Paulo
São Carlos – SP - Brazil
Besides the already existent variety of techniques to generate vortices, new techniques can always
provide new and exciting ways to explore this topic. In this work we present a new technique to
nucleate vortices in a BEC, where an oscillating field generated by a set of coils is superimposed to
the trapping field creating displacement, rotation and deformation of the trap potential . As a
function of the amplitude of oscillation of the external magnetic field we observe several different
behaviors of the condensate cloud allowing the construction of a diagram for stable structures. For
small amplitudes the condensate oscillates its axis in a banding mode. Increasing the amplitude we
observe the formation of one, two, three or more vortices in the cloud. Above certain amplitude of
oscillation we observe uncountable vortices in every direction , producing a tangled vortices
configuration which can be considered as the emergence of a turbulent regime in the cloud. At the
same time, in a few special configurations, a three vortices/anti-vortices cluster seems to be
observed. Variations of behavior during TOF for the cloud may be a signature of the turbulent
regime. Finally in extremes conditions of oscillations, a fragmentation of the cloud is observed.
Analysis involving the fragmentation of the quantum atomic fluid due to the presence of oscillations
is presented through an analogy involving time oscillation and random spatial field is presented.

Fig. 1 – Free expansion of a regular BEC(a) and a turbulent BEC(b)
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New spectroscopic techniques for Rydberg atoms
Th. Becker, P. Thoumany, L. Urbonas and T. Hänsch
Max Planck Institute for Quantum Optics
Hans Kopfermann Str. 1
Garching, Germany
In this talk, I will review recent experiments about spectroscopy with Rydberg atoms
in gas cells. These experiments rely on the idea of electron shelving, which was first
introduced in the context of frequency standards and allows the detection of very weak
transitions in trapped atoms and ions. The weak transition is detected indirectly by
observing the decrease of the fluorescence emitted from a strong transition, sharing a
common ground state with the weak transition. In this way, the signal can be amplified
by the so-called quantum amplification factor, which for single trapped ions is given by
the ratio of the lifetimes of the upper levels of the two transitions.
We have shown, that this method can also be used for a purely optical detection of
Rydberg transitions in gas cells. This spectroscopy method is a nice alternative to destructive detection methods based on state selective ionization in electric fields, which has
been the method of choice in most Rydberg atom experiments so far [1]. The method
extends the work of Ch. Adams and his group about Rydberg spectroscopy using electromagnetically induced transparency to different laser setups and excitation geometries
[2].
We have demonstrated this idea in two different laser schemes, one single-step Rydberg
excitation in he UV and a three-step Rydberg excitation with IR diode lasers [3, 4].
Both methods will be reviewed in the talk.
The figure on the left shows a spectrum of
the 63P3/2 line obtained in a gas cell with
a three step excitation scheme. The frequency stability and the potential of these
lines as atomic frequency references will be
1256 nm laser detuning [MHz]
discussed.
Further I will discuss how this spectroscopic idea can be extended to two-photon spectroscopy in Rubidium. I will also discuss recent developments in frequency-comb based
Fourier spectroscopy, which can be combined with the presented method to record Rydberg series.
absorbtion of 780 nm laser [V]
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[1] T. F. Gallagher Rydberg Atoms (Cambridge University Press, 1994)
[2] A. K. Mohpatra, T. R. Jackson, C. S. Adams, Phys. Rev. Lett. 98, 113003 (2007).
[3] P. Thoumany, G. Stania, L. Urbonas, T. Hänsch, Th. Becker, Opt. Lett 34 1621
(2009)
[4] P. Thoumany, Th. Germann, G. Stania, L. Urbonas, T. Hänsch, T. Becker, J. Mod.
Opt. iFirst, DOI: 09500340903180525 (I hope 2009)
PQE-2010

71

Speaker: Mikhail Belkin
Session: Semiconductor Lasers 1
Schedule: Thursday Morning Invited Session 1

THz quantum cascade laser sources for room-temperature
operation
Mikhail A. Belkin1*, Robert W. Adams1, Augustinas Vizbaras2, Min Jang1, Christian Grasse2, Simeon Katz2,
Gerhard Boehm2, and Markus C. Amann2
2

1
Department of Electrical and Computer Engineering, The University of Texas at Austin, Austin, TX 78758
Chair of Semiconductor Technology, Walter Schottky Institut, Technische Universität München, Am Coulombwal 3, 85748, Garching, Germany
*E-mail: mbelkin@ece.utexas.edu

Abstract: We report on our progress in the development of room-temperature terahertz
semiconductor laser sources based on intra-cavity frequency mixing. We will present novel device
designs that could potentially generate milliwatts of THz output at room-temperature.
The terahertz (THz) spectral range (1-10THz) is still devoid of compact electrically pumped room temperature
semiconductor sources. Despite recent progress of THz quantum cascade lasers (QCLs), existing devices still require
cryogenic cooling [1,2]. An alternative way to produce terahertz radiation at room temperature is to use differencefrequency generation (DFG) in a nonlinear optical crystal pumped by infrared or visible lasers. Recently, a new type
of THz QCL source was reported [3,4]. The devices are based on intra-cavity DFG in dual-wavelength mid-infrared
(mid-IR) QCLs with giant optical nonlinearity monolithically integrated in the active region. The most advanced
devices fitted with a silicon microlens to improve THz radiation out-coupling and collimation demonstrated 5 THz
power output of 7µW at 80K and 300nW at room temperature [4]. The conversion efficiency of mid-infrared to THz
radiation for these devices was estimated to be ~5µW/W2 [4]. However, to be useful for applications, the power
output of these devices needs to be improved to a milliwatt level and above.
Devices in Refs. [3,4] utilized optical nonlinearities of mid-IR QCL pump sections. This approach produces
large resonant intersubband optical nonlinearities with population inversion and generates optical gain, instead of
loss, in the laser cavity [3,4]. However, this method could only produce relatively modest values of optical
nonlinearities for DFG, of the order of 4×104 pm/V, due to small values of population inversion density in mid-IR
QCLs (~2×1015 cm-3 [4]) and relatively broad laser transition linewidths [4]. In comparison, a simple resonant multiquantum-well (MQW) structure, shown in Fig. 1, can have THz DFG optical nonlinearities well above 106 pm/V for
THz DFG [5]. We will discuss how one can integrate resonant nonlinear MQW structures into dual-wavelength midIR QCLs to produce room-temperature THz DFG QCL sources with milliwatt-level THz output and mid-infrared-toterahertz conversion efficiencies above 1mW/W2.

Fig. 1. Conduction band diagram of one period of a MQW structure with giant nonlinearity for THz DFG. Red arrows refer to mid-IR pump
transitions. The structure is designed for integration with a dual-wavelength mid-infrared QCL operating at λ1=8.5µm and λ2=10µm. The layer
sequence for this structure is 9.0/2.0/1.1/4.6 nm, where AlInAs barriers are shown in bold. The center 6 nm of a 10 nm barrier is n-doped to
4.3×1017 cm-3. This structure is expected to have optical nonlinearity for DFG of approximately 1.25×106 pm/V, assuming the linewidths of
intersubband transitions of 10meV full width at half maximum.

References
[1]. S. Kumar et al., “186K operation of terahertz quantum-cascade lasers based on a diagonal design,” Appl. Phys. Lett. 94, 131105 (2009).
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[3]. M.A. Belkin et al. “Terahertz quantum-cascade-laser source based on intracavity difference-frequency generation,” Nature Photon. 1, 288
(2007).
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Instabilities, multimode dynamics, and ultrafast modulation
of mid-infrared quantum cascade lasers
Alexey Belyanin1, Yonghee Cho1, Aleksander Wojcik1,
Nanfang Yu2, and Federico Capasso2
1

2

Department of Physics, Texas A&M University, College Station, TX 77843-4242, USA
School of Engineering and Applied Sciences, Harvard University, Cambridge, MA 02138, USA
Email: belyanin@tamu.edu

There is currently a surge of interest in studying transient regimes, multimode dynamics, and
short-pulse operation of quantum cascade lasers (QCLs). These lasers have unique dynamic
properties among all solid-state lasers, and main processes determining their transient behaviour
and spectral and temporal stability are not completely understood. From a practical point of
view, the ability to control spectra, spatial beam profiles, and time-dependent output of QCLs is
extremely important for various QCL applications.
Although QCLs have ultrafast relaxation times of the gain medium and polarization and thus
are expected to demonstrate only a trivial dynamic behaviour of class-A lasers [1], the presence
of many transverse modes may lead to a rich variety of dynamic regimes [2]. Here we present
the results of our modelling of the multi-transverse mode dynamics of QCLs, which predict the
existence of bistability, multi-stability, frequency locking, and transverse phase locking regimes,
in excellent qualitative agreement with our experiments.
Furthermore, we discuss ultrafast optical modulation and pumping of QCLs by femtosecond
pulses. We go beyond the adiabatic approximation for the intersubband polarization and show
the possibility of cooperative spontaneous emission (superfluorescence) on intersubband
transitions in quantum cascade structures. We show that under certain conditions the pulses of ~
100 fs duration can be generated.
This work was supported in part by the National Science Foundation under Grants ECS0547019 and EEC-0540832 (MIRTHE-ERC).
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Towards a CW photonic intensity
waveform synthesizer

figure 1B). One output emits half of the 100 W available
power from a commercial narrow-linewidth CW fibre laser.
The second output consists of a laser beam emitting at

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 different milestones towards the realization of
an arbitrary intensity waveform synthesizer which was undertaken in the
University of Bath within the framework of a project funded by the
Engineering and Physical Sciences Research Council (EPSRC).

Since the development of the laser, emulating the numerous
breakthroughs achieved in electronics with optical waves
has been a major goal in science and technology. At the
heart of the electronics revolution is the ability to synthesise
electronic waveforms. That is, in electronics, one can make
sine, triangle and as well as pulses, ramps and haversines,
etc, with a high degree of stability and accuracy over a
frequency range spanning from ~1 mHz to a few hundred
GHz. Harnessing optical waves with such a degree of
control would represent a huge milestone in photonics. The
development of molecular modulation in a Raman gasphase medium renders such a prospect conceivable for the
first time. This technique, predicted and demonstrated by
Harris & Sokolov [1], enables the generation of an ultrabroad optical comb of phase-locked and collinear spectral
components (Raman sidebands (RSB)) spaced by an
extremely high frequency (>10 THz range). The coherence
of such a wide spectral comb means that it is possible to
synthesise optical intensity waveforms by simple Fouriersynthesis in an analogous way to an electronic function
generator. However, the requirements on the laser intensity
and linewidth have limited thus far the experimental
implementation of this scheme to extremely powerful
transform-limited nanosecond pulsed laser and in adiabaticexcitation conditions [2, 3]. Consequently, the wave
synthesis in the latter configuration is circumscribed by the
temporal profile of the isolated nanosecond pump pulses
and it is thus more appropriate to talk about pulse shaping
rather waveform synthesis. A photonic analogue to
electronic waveform synthesis would then be possible only
if molecular modulation is achieved with CW pump lasers.
Bringing this scheme to the CW- regime is now possible
with the advent of photonic crystal fiber with a gas-filled
core (HC-PCF) [4-8]. Indeed, because of the dramatic
increase in the interaction length and the light transverse
micro-confinement, it is possible to achieve multi-octave
comb based on CW Raman sidebands which generation
efficiency is proportional to the product of the gas density
and the interaction length [9].
Figure 1A shows a schematic of an all-fibre system
proposed to synthesise any arbitrary intensity waveform,
including attosecond pulse train. The system consists of an
“arborescence” of a series HC-PCF with a different
bandwidth location aligned. The transmission bandwidth is
is in the range 50-80 THz. The basic building block of this
tree consists of a HC-PCF whose transmission band is
centred midway between the two exciting pump
frequencies. The whole arborescence is driven by a “twopump CW laser”. This consists of a two CW outputs (see
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Figure 1. (A) Schematic of University of Bath all-fiber
“universal” intensity wave form synthesizer. (B) Two-pump

Stokes frequency ωS=ωP−Ω(T0,P0) (pump 2 in figure 1A).
Here ωP, Ω are the frequency of the commercial fiber laser
and Raman frequency shift respectively. The arborescence
could be extended by adding more branch fibres to expand
the overall coherent spectrum to the desired bandwidth.
The present configuration bears a resemblance to the
harmonic frequency chain in metrology which is the
ancestor of the frequency comb [10]. In the present scheme
the “phase-trace” of the initial Raman sideband spectrum is
transferred to the second RSB spectrum via the most blue
or red shifted fields.
In the pursuit of realising this photonic waveform
synthesiser, several significant results have been achieved

Figure 2. (lhs) Output spectrum of hydrogen Raman fiber
laser. (rhs) output power evolution with the laser pump
power.

[11, 12]. This includes a Stokes generation excited with
CW laser pump and which was demonstrated in all-fiber
system [12], and the generation of multi-octave coherent
SRS comb in hydrogen [11]. Figure 2 shows more recent
results whereby 55 W of CW optical-power is generated at
the Stokes frequency. This is obtained by converting most
of optical pump power.
1. Harris, S.E., et al. Physical Review Letters, 1998. 81(14): p. 2894
2. Balic, V., et al., Physical Review Letters, 2005. 94(18): p. 1-4.
3. Katsuragawa, M., et al., Optics Express, 2005. 13(15): p. 5628-5634.
4. Benabid, F., et al., Science, 2002. 298: p. 399-402.
5. Benabid, F., et al., Physical Review Letters, 2004. 93(12): p. 123903.
6. Benabid, F., et al., Nature, 2005. 434: p. 488-491.
7. Benabid, F., et al., Optics Express, 2005. 13(15): p. 5694.
8. Benabid, F., et al., Physical Review Letters, 2005. 95(21): p. 213903.
9. Sokolov, A.V., et al., Journal of Modern Optics, 2005. 52(2) p. 285
10. Cundiff, et al, Review of Scientific Instruments, 2001. 72(10), 3749.
11. Couny, F., et al., Science, 2007. 318(5853).
12. Couny, F., Physical Review Letters, 2007. 99(14): p. 14390
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OBTAINING A PATENT
William D. Blackman
Carrier, Blackman and Associates, P.C.
43440 West Ten Mile Road
Eaton Center
Novi, MI 48375 USA
cbalaw@gmail.com
A patent is obtained by formally filing a patent application with the U.S. Patent and
Trademark Office. The patent application includes an enabling description of the subject
invention, usually including drawings, and concluding with a set of claims which legally define
the metes and bounds of the invention. The process is exemplified by the chart below.
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Analogue Hawking Radiation in a Superconducting Circuit
Miles P. Blencowe
Department of Physics and Astronomy, Dartmouth College,
Hanover, New Hampshire 03755, USA

Abstract
We propose the use of a nonlinear transmission line formed from an array of superconducting
quantum interference devices (SQUIDs) for investigating analogue Hawking radiation. Biasing the
array with a space-time varying flux modifies the propagation velocity of the transmission line,
leading to an effective metric with a horizon. Being a fundamentally quantum mechanical device,
the SQUID array also allows for the investigation of quantum effects such as analogue space-time
fluctuations on the Hawking process.
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s-wave interacting Fermi gas under harmonic confinement
D. Blume1 and K. M. Daily1
1

Department of Physics and Astronomy, Washington State University, Pullman, Washington 99164-2814, USA
Over the past few years, dilute atomic Fermi gases have emerged as an ideal model system for investigating long-standing problems in condensed matter, nuclear and astro physics. The BEC-BCS
crossover, for example, has been extensively studied in the context of conventional superconductors
and is currently of great interest in the cold-atom community. This talk investigates the crossover
physics of two-component s-wave interacting Fermi gases under spherically symmetric external
confinement theoretically, adopting a few-body perspective. In particular, we apply the stochastic
variational approach to small equal-mass two-component Fermi gases and determine the energetics
and structural properties. Our numerical results show explicitly that the total energy, the trap
energy as well as certain aspects of the pair distribution function and of the momentum distribution
are related through the so-called integrated contact intensity I. Furthermore, it is shown explicitly
that the total energy and the trap energy are related through a generalized virial theorem that
accounts for a non-zero range. Lastly, the energy spectra of the weakly-attractive atomic gas and
the weakly-repulsive molecular gas are characterized by employing a perturbative framework that
utilizes hyperspherical coordinates. This approach allows for the assignment of quantum numbers
and furthermore provides great insights into the strongly-interacting unitary regime.
Support by the NSF and the ARO is gratefully acknowledged.
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Tuning the structural and dynamical properties of a dipolar Bose-Einstein
condensate: Ripples and instability islands
M. Asad-uz-Zaman1 and D. Blume1
1

Department of Physics and Astronomy, Washington State University, Pullman, Washington 99164-2814, USA
It is now well established that the stability of aligned dipolar Bose gases can be tuned by
varying the aspect ratio of the external harmonic confinement. Our work extends this idea and
demonstrates that a Gaussian barrier along the strong confinement direction can be employed to
tune both the structural properties and the dynamical stability of an oblate dipolar Bose gas aligned
along the strong confinement direction. In particular, our theoretical mean-field analysis predicts
the existence of instability islands immersed in otherwise stable regions of the phase diagram.
Dynamical studies indicate that these instability islands, which can be probed experimentally with
present-day technology, are associated with the going soft of a Bogoliubov–de Gennes excitation
frequency with radial breathing mode character. Furthermore, we find dynamically stable ground
state densities with ripple-like oscillations along the radial direction. These structured ground
states exist in the vicinity of a dynamical radial roton-like instability.
Support by the NSF is gratefully acknowledged.
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Searching for Better Plasmonic Materials
Alexandra Boltasseva1,2,3, Gururaj Naik1, Paul R. West1, Satoshi Ishii1,
Naresh Emani1, Vladimir M. Shalaev1
1: School of Electrical and Computer Engineering and Birck Nanotechnology Center, Purdue University, West Lafayette,
Indiana 47907, USA
2: DTU Fotonik, Department of Photonics Engineering, Technical University of Denmark, Lyngby, DK-2800, Denmark
3: Erlangen Graduate School in Advanced Optical Technologies (SAOT), Friedrich-Alexander-Universität ErlangenNürnberg, 91052 Erlangen, Germany

Abstract: We present a comparative overview of various plasmonic materials including metals, metal
alloys and doped semiconductors outlining their optical properties and fabrication aspects thus providing
a reference for those searching for better plasmonic materials for specific frequencies and applications.
Silver, gold and other plasmonic materials possess a tremendous potential for numerous applications in
nanophotonics, optoelectronics, data storage, solar cells and sensors. However, large losses encountered in the
constituent metals seriously limit the practicality of these materials for many novel applications including optical
metamaterials and transformation-optics devices for extreme control over flow of light. Here we provide an
overview of alternative plasmonic materials ranging from metals and metal alloys to heavily doped semiconductors
along with motivation for each material choice and important aspects of fabrication.

Fig. 1. Real and imaginary parts of permittivity of Al- and Ga- doped ZnO (Al:ZnO/AZO and
Ga:ZnO/GZO) (from parameters reported in reference [1]) and ITO (experiment). The losses in
ITO, AZO and GZO are much smaller than that of silver [2] at the telecommunication wavelength.

To a large extent, losses in conventional plasmonic materials (silver, gold) at high frequencies are caused by
interband transitions. Thus, materials with different band structures must be used to eliminate these large losses.
Some examples of alternative plasmonic materials are alkali-noble alloys [3], noble-transition alloys [4], and
transparent conductive oxides [5]. We focus on some particularly interesting plasmonic materials at the important
telecommunication wavelength of 1.5µm – namely, indium tin oxide (ITO), and aluminum- and gallium-doped
zinc oxide (AZO and GZO) that can be heavily doped to obtain a desired plasma frequency with variable real
values of permittivity. Both AZO and GZO are predicted to exhibit lower losses than silver by a factor of about 4
at the desired 1.5µm wavelength (Fig. 1). Exploiting the optical properties of these materials will not only allow
fabrication of novel transformation optics and metamaterial devices operating at 1.5µm but it will also drastically
increase their performance.
References
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New Results in Quantum Imaging
Robert W. Boyd
The Institute of Optics and Department of Physics and Astronomy
University of Rochester, Rochester, NY 14627 USA
The field of quantum imaging strives to make use of the quantum aspects of light fields to
achieve image formation with enhanced performance. In this contribution, we describe
some of our new results for several different topics within the area of quantum imaging.
In the area of ghost imaging, we have shown theoretically that new possibilities are
allowed by using different wavelengths of light in the object and reference arms [1]. We
have also shown that the quality of the ghost image can be improved by using higherorder correlations of the intensities of the object and reference beams [2]. We are also
interested in studies of the possibility of performing imaging by impressing an entire
image onto a single photon. We recently completed one study [3] which shows that by
means of a holographic method we can discriminate between two objects even when they
are illuminated by only a single photon. In a related study we have shon that we can
discriminate among four objects using a single biphoton in a ghost-imaging
configuration. We have also studied [4,5] the properties of light fields with transverse
distributions that impart orbital angular momentum (OAM) onto the photon. These
OAM states constitute a complete basis, and thus any quantum image can be described in
terms of these states. Our work has quantified the thought that these states can be used as
carriers of quantum information. We have also obtained new results in the area of
quantum technologies. One of these studies [6] shows how Bayesian statistics can be
used to provide a better estimate of the number of photons contained in a light field.
Another study [7] provides a laboratory demonstration of a new method that can be used
to increase the nonlinear optical response of materials useful in multiphoton detection.
[1] Two-Color Ghost Imaging, K.W.C. Chan, M.N. O’Sullivan, and R.W. Boyd, Phys. Rev. A
79, 033808 (2009).
[2] High-Order Thermal Ghost Imaging, K.W.C. Chan, M.N. O’Sullivan, and R.W. Boyd, Phys.
Rev. A 79, 033808 (2009).
[3] Discriminating Orthogonal Single-Photon Images, C. J. Broadbent, P. Zerom, H. Shin, J. C.
Howell, and R. W. Boyd Phys. Rev. A 79 033802 (2009).
[4] Fourier Relation between the Angle and Angular Momentum for Entangled Photons, A. K.
Jha, B. Jack, E. Yao, J. Leach, R.W. Boyd, G.S. Buller, S.M. Barnett, S. Franke-Arnold, and
M.J. Padgett, Phys. Rev. A 78, 043810 (2008).
[5] Violation of a Bell inequality in two-dimensional orbital angular momentum state spaces, J.
Leach, B. Jack, J. Romero, M. Ritsch-Marte, R. W. Boyd, A. K. Jha, S. M. Barnett, S.
Franke-Arnold, and M. J. Padgett, Opt. Express, 17, 8287 (2009).
[6] Conditional preparation of states containing a definite number of photons, M. N. O’Sullivan,
K. W. C. Chan, V. Lakshminarayanan, and R. W. Boyd, Phys. Rev. A 77, 023804 (2008).
[7] Observation of a Microscopic Cascaded Contribution to the Fifth-Order Nonlinear
Susceptibility, K. Dolgaleva, H. Shin, and R. W. Boyd, Phys. Rev. Lett. 103, 113902 (2009).
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Jacobi Fields in Quantum Circuit Complexity Analysis
Howard E. Brandt
U.S. Army Research Laboratory, Adelphi, Maryland
Recently, by means of the Riemannian geometry of quantum computation, Michael Nielsen and
Mark Dowling obtained upper and lower bounds on quantum circuit complexity based on the
differential geometry of geodesics on the n-qubit special unitary group manifold [1-4]. The
length of geodesics was established as a measure of the number of quantum gates needed to carry
out a quantum computation. In the present work, details are elaborated of some important tools,
including the geodesic equation, Jacobi equation, generic lifted Jacobi equation, the lifted Jacobi
equation on the special unitary group manifold with varied penalty parameter, and the so-called
geodesic derivative. The penalty parameter taxes more than two-body interactions. These tools
are important for investigations of conjugate points and global characteristics of geodesic paths
in the group manifold and in the determination of optimal quantum circuits for carrying out a
quantum computation
[1] M. R. Dowling and M. A. Nielsen, “The Geometry of Quantum Computation,” Quantum
Information and Computation 8, 0861-0899 (2008).
[2] H. E. Brandt, “Riemannian Geometry of Quantum Computation,” to appear in Nonlinear
Analysis (2008); [Online early access DOI: 10.1016/j.na.2008.11.013. Published Online: Nov 11,
2008].
[3] H. E. Brandt, “Riemannian Curvature in the Differential Geometry of Quantum
Computation,” to appear in Physica E (2009); [Online early access DOI:
10.1016/j.physe.2009.06.016. Published Online: Jan 24, 2009].
[4] H. E. Brandt, “Riemannian Geometry of Quantum Computation,” AMS Short Course
Lecture, to appear in Proc. Symposia in Applied Mathematics, American Mathematical Society
(2009)

PQE-2010

81

Speaker: Howard J. Brubaker
Session: Intellectual Property
Schedule: Thursday evening invited session

MARKETING INTELLECTUAL PROPERTY
Howard J. Brubaker
Wizcom, Ltd.
20020 Harper Avenue
Harper Woods, MI 48225
wizcom@gmail.com

Marketing is a multi-faceted process which involves many steps in the post-development
of intellectual property. These can include, but are not limited to Selling, Licensing,
Pricing, Advertising, Promotion, Branding, Planning, Distribution and Research. Each
of these could involve a 250 page book or a 13 week college course, but I’ll try to limit
the discussion of each by illustrating the SIVA (Solution, Information, Value, Access)
approach which is usually used for consumer items but in this case, will be applied to
intellectual property.
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Large-Area Linear and Nonlinear Nanophotonics
S. R. J. Brueck
Center for High Technology Materials, University of New Mexico, Albuquerque, NM 87106
brueck@chtm.unm.edu

Optical lithography has long been the mainstay of the integrated circuit industry, and, despite many and frequent
predictions to the contrary, is now widely accepted as the dominant volume manufacturing technology for the next
several generations, accessing scales to less than 20 nm (with a 193-nm wavelength!). A major reason for the
continued ascendency of optical lithography in manufacturing is its parallel writing capability that scales to large
volumes at low cost. The issue with optical lithography for research applications is the extreme cost of modern
lithography tools (approaching $40M) and masks which limits research accessibility. In contrast, much of the work
in nanophotonics has been carried out with e-beam and related serial lithography techniques that inherently are not
scalable. Interferometric lithography (IL) provides the bridge between these two trends [1]. IL uses the interference
between a small number (usually two) of coherent beams to produce a maskless periodic pattern. Scales as small as
22-nm half-pitch have been demonstrated [2]. The restriction to periodic pattern arrays is not of major concern for
many nanophotonic applications, mix-and-match with conventional, lower resolution, optical lithography techniques
provides the additional customization needed for many device applications. Processing can provide more complex
structures such as split ring resonators as shown in Fig. 1(a). At the University of New Mexico, we have used IL for
a wide variety of nanophotonic structures including: 2D and 3D photonic crystals, metamaterials (Fig. 1(a) shows
negative permeability split-rings with ~ 5 m resonance wavelength) [3], negative index materials (Fig. 1(b)) [4],
and plasmonic structures (Fig. 1(c)) [5]. Current efforts focus on inhomogeneous negative-index materials for
lensing, active metamaterials for high speed modulators [6], higher-order nonlinearities in second harmonic
generation in plasmonic structures and various approaches to 3D photonic crystals[7] Progress in these areas will be
reviewed.

a)

100 nm

b)

100 nm

c)

100 nm

2

Fig. 1: Large area (> several cm ) nanophotonic arrays fabricated with interferometric lithography. A) Vertical split ring resonators (Au:MgO:Au)
providing a negative permeability at ~ 5m; b) Au:Al2O3:Au negative index metamaterial at ~ 2 m; and c) GaAs-filled Au plasmonic structure
for second harmonic generation. Note that all three structures exhibit complexity at the individual nanostructure level as a result of the integration
of lithography and processing.
References
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[4] Z. Ku and S. R. J. Brueck, “Comparison of negative refractive index materials with circular, elliptical and rectangular holes,” Opt. Exp. 15,
4515-4522 (2007).
[5] W. Fan, S. Zhang, N.-C. Panoiu, A. Abdenour, S. Krisna, R. M. Osgood, Jr., K. J. Malloy and S. R. J. Brueck, “Second Harmonic Generation
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[6]K. M. Dani, Z. Ku, P. C. Upadhya, R. P. Pransankumar, S. R. J. Brueck and A. J. Taylor, Sub-Picosecond Optical Switching with a Negative
Index Metamaterial, Nano Letters 9, 3565-3569 (2009).
[7]Deying Xia, Jingyu Zhang, Xiang He and S. R. J. Brueck, Fabrication of Three-Dimensional Photonic Crystal Structures by Interferometric
Lithography and Nanoparticle Self-Assembly, Appl. Phys. Lett. 93, 071105 (2008).
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Exciton Condensates
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. The bosonic nature of excitons makes
possible their condensation in momentum space. Designing semiconductor structures
with the required characteristics and varying the exciton parameters allows an
experimental probe of various types of exciton condensate.
We will overview studies of different types of exciton condensate and different
experimental systems including excitons in bulk semiconductors, microcavity
polaritons, electron bilayers, and indirect excitons in coupled quantum wells.
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Recent Developments of Random Lasers
H. Cao1, J. Andreasen1, J.-K. Yang1, M. Rooks, S. V. Boriskina2, L. Dal Negro2, G. S. Solomon3
1

Department of Applied physics, 2Department of Physics, Yale University, New Haven, CT 06520
Department of Electrical and Computer Engineering & Photonics Center, Boston University, Boston, MA 02215-2421
3
Joint Quantum Institute, NIST and University of Maryland, Gaithersburg, MD 20899

2

Unlike a conventional laser which utilizes mirrors or periodic structures to trap light, a random laser relies on
the multiple scattering of light in a disordered gain medium for optical feedback and light confinement.
Coherent laser emission has been generated from various random structures ranging from semiconductor
nanopartricles and nanorods to polymers and organic materials. Over the past decade, random lasers have
generated significant interest among researchers because of their unique applications based upon the spectral
fingerprint of the random structure, their micron size, low fabrication cost, robustness to surface roughness and
shape deformation, and nearly isotropic emission output. In this talk, I will review the recent developments of
random laser that illustrate its difference from a conventional laser.
The available lasing modes of a conventional laser are typically fixed once the cavity is made. It is difficult, if
not impossible, to obtain new lasing modes that have no correspondence to the resonant modes of the cold
cavity if nonlinearity is negligible. In a weakly scattering random medium, new lasing modes can be created
by spatial nonuniform distribution of gain even when optical nonlinearity is absent. These new lasing modes
do not correspond to modes of the passive system or to any lasing modes in the presence of uniform gain. New
lasing modes can lase independently of other lasing modes when gain saturation is taken into account. They
appear at various frequencies for different gain profiles and can have highly directional output. These findings
may offer an easy and fast way of dramatically changing random laser properties without modifying the
underlying structure.
A major limitation to the device application of random lasers is the lack of control and reproducibility of the
lasing modes. Namely, the frequencies and spatial locations of lasing modes are unpredictable, varying
randomly from sample to sample. One way to solve this problem is to realize the deterministic aperiodic
nanostructure (DANS) lasers which combine many of the advantages of random lasers with a well-defined
repeatable fabrication process suitable for device technology. A DANS laser is also advantageous over a
photonic crystal (PhC) laser, because it can support many lasing modes with distinct and well-defined
frequencies. Figure 1 shows the DANS laser that we realized recently.
(a)

Fig 1 (a) Scanning electron micrograph of square-shaped air holes arranged in the Rudin-Shapiro sequence in a freestanding GaAs membrane. The scar bar is 1m. (b) Intensity and spectral width of a lasing mode as a function of incident
pump power. (c) Near-field image of a localized lasing mode. White square is the boundary of the pattern.

[1] H. Cao, “Lasing in Disordered Media” in Progress in Optics, E. Wolf ed. (North-Holland, 2003) vol. 45, 317370.
[2] J. Andreasen and H. Cao, “Creation of new lasing modes with spatially nonuniform gain”, Opt. Lett. 34, 3586
(2009).
[3] S. V. Boriskina, A. Gopinath, and L. Dal Negro, “Optical gap formation and localization properties of optical
modes in deterministic aperiodic photonic structures,” Opt. Express, 16, 18813 (2008).
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Effects of Partial Pumping on Random Lasing Modes
in Weakly Scattering Systems
Jonathan Andreasen,1, 2 Christian Vanneste,3 Li Ge,1 and Hui Cao1, 4
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Abstract: We demonstrate that spatially non-uniform distributions of optical gain not only modify
existing lasing modes, but also create new lasing modes in 1D ballistic random systems.
Experimental [1] and numerical studies [2] have showed the spatial characteristics of lasing modes
change significantly by local pumping, but it is unclear exactly how the lasing modes are changed. Here,
we carry out a detailed study of random lasing modes in a weakly scattering system with a nonuniform
spatial distribution of linear gain. Ignoring gain saturation (usually responsible for mode competition
as in [3]) and absorption, we find that spatial nonuniformity of linear gain alone can cause dramatic [4]
and complicated changes to lasing modes. Lasing modes are decomposed in terms of the quasi modes of
the passive system to monitor the changes. We find the lasing modes to be a superposition of resonances
of the passive system close in frequency. As the gain distribution changes gradually from uniform to
nonuniform, the amount of mode mixing increases. While the lasing mode remains dominantly composed
of its corresponding resonance, neighboring resonances mix into the lasing mode significantly.

10

-1

10

Quasi mode 17
Quasi mode 18
Quasi mode 16
Quasi mode 19
Quasi mode 15

-2

10

-3

10

0

5000 10000 15000 20000
Gain edge location lG

Normalized intensity (× 10-2)

Coefficient amplitude

(b)

0

3.0
2.0
1.0
0.0
3.0
2.0
1.0
0.0
0.6
0.4

lG = 24100 nm
lG = 14284 nm

(a)

lG = 24100 nm
lG = 14284 nm

(b)

lG = 24100 nm
lG = 14284 nm

(c)

0.2
0.0
0

5000

10000
15000
x (nm)

20000

FIG. 1: LEFT: Decomposition of a lasing mode in terms of the resonances of the passive system. (five largest
coefficients from the decomposition are shown). As the gain length lG is reduced, the amount of mode mixing
increases dramatically. RIGHT: Intensity of the lasing mode with uniform gain lG = 24100 nm (red solid lines)
and nonuniform gain lG = 14284 nm (black dashed lines). Gain is only located in the region 0 ≤ x ≤ lG .
(a) Total intensity |Ψ(x)|2 , (b) traveling wave intensity |Ψ(T ) (x)|2 , and (c) standing wave intensity |Ψ(S) (x)|2 .
Nonuniform gain significantly changes the spatial intensity envelope as well as the standing wave and traveling
wave components.
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Tunable Molecular Quantum Many Body Dynamics
Lincoln D. Carr and Michael L. Wall
Department of Physics, Colorado School of Mines
Golden, CO 80401, USA
Recently, ultracold diatomic heteronuclear polar molecules [1] were cooled to near quantum degeneracy [2]. We study the many body physics of such systems in optical lattices in
the presence of strong electric and magnetic fields. The molecules interact via an electric
dipole-dipole interaction. Our main model is the Molecular Hubbard Hamiltonian, a generalization of Hubbard Hamiltonians for lattice physics which includes the internal degrees
of freedom of molecules and external DC and AC driving fields [4]. Our main numerical
method is time-evolving block decimation [3], which treats entangled quantum dynamics.
We consider both fermionic and bosonic molecules. Our choice of a strong electric field plus
a strong magnetic field prevents chemical reactions, thereby stabilizing the molecular ensemble. We find that tuning the electric AC driving field plus the angle between the DC electric
and magnetic fields allows us to progressively include more molecular degrees of freedom,
from spatial to rotational to nuclear hyperfine.
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technology, and applications. New Journal of Physics, 11:055049, 2009.
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Rev. Lett., 93:040502–1–4, 2004.
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Metastable quantum phase transitions in a periodic
one-dimensional Bose gas
Lincoln D. Carr1 , Rina Kanamoto2 , and Masahito Ueda3
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First [1, 2], we generalize the concept of quantum phase transitions, which is conventionally defined for a ground state and usually applied in the thermodynamic limit, to one
for metastable states in finite size systems. In particular, we treat the one-dimensional Bose
gas on a ring in the presence of both interactions and rotation. To support our study, we
bring to bear mean-field theory, i.e., the nonlinear Schrödinger equation, and linear perturbation or Bogoliubov-de Gennes theory. Both methods give a consistent result in the weakly
interacting regime: there exist two topologically distinct quantum phases. The first is the
typical picture of superfluidity in a Bose-Einstein condensate on a ring: average angular
momentum is quantized and the superflow is uniform. The second is new: one or more dark
solitons appear as stationary states, breaking the symmetry, the average angular momentum
becomes a continuous quantity, and the phase of the condensate can be continuously wound
and unwound.
Second [3], we show that quantum solitons in the Lieb-Liniger Hamiltonian are precisely
the yrast states. We identify such solutions clearly with Lieb’s type II excitations from
weak to strong interactions, clarifying a long-standing question of the physical meaning
of this excitation branch. We demonstrate that the metastable quantum phase transition
previously found in mean field analysis of the weakly-interacting Lieb-Liniger Hamiltonian
extends into the medium- to strongly-interacting regime of a periodic one-dimensional Bose
gas. Our methods are exact diagonalization, finite-size Bethe ansatz, and the boson-fermion
mapping in the Tonks-Girardeau limit.
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Optical Carpets from the Talbot and Talbot-Lau Effects
William B. Case, Grinnell College, Mathias Tomandl and Markus Arndt, Univ. of
Vienna
Talbot and Talbot-Lau effects are frequently used in lensless imaging applications with
light, ultrasound, x-rays, atoms and molecules -- generally in situations where refractive
optical elements are non-existent or not suitable. We present an experimental
visualization of the intriguing wave patterns that are associated with near-field
interferometry behind a single periodic diffraction grating under plane wave illumination
and which are often referred to as Talbot carpets or quantum carpets. We also show the
patterns behind two separated diffraction gratings under nearly-monochromatic but
spatially incoherent illumination which we will refer to Talbot-Lau carpets. A discussion
of the intricate nature of these patterns is also presented.
For a preview see: http://mathias.tomandl.net/publicrelations-Dateien/Talbot.swf
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Illusion effects created using transformation optics
C.T. Chan 1*
1

Physics Department, Hong Kong University of Science and Technology, Hong Kong
Abstract: We show that we can use transformation optics techniques to
design negative index materials that give interesting illusion effects

The technique of “transformation optics” establishes a correspondence between
coordinate transformation and material constituent parameters. The material parameters
that come out of a mathematical mapping in transformation optics correspond to graded
index materials that are usually anisotropic, position-dependent, and have strange values
of permittivity and permeability. Such metamaterials can create interesting optical
illusion effects such as invisibility cloaking.
We will show that some mathematical mappings can lead to many interesting
optical illusion and wave manipulation effects. We will primarily discuss those
mappings that give negative index materials. One interesting example is a conceptual
device that can optically transform one object into another object. What we mean is that
transformation optics can design a passive device that when placed near to (say) a spoon,
will make look like (say) a cup for a far-field observer. The functionality is made possible
by the fact that a negative index material can form part of a “complementary media” and
at the same time, serves as a lens. Using similar ideas, we can achieve “cloaking at a
distance”. Using negative index materials, we propose an invisibility cloak operating at a
finite frequency that can cloak an object with a pre-specified shape and size within a
certain distance outside the cloaking shell. [1, 2]
If time permits, we will also discuss remote active cloaking strategies that may
overcome some problems that are intrinsic in passive cloaking.
*

Work supported by RGC Hong Kong.
1. Y. Lai, J. Ng, H. Chen, D. Z. Han, J. J. Xiao, Z.-Q. Zhang, and C. T. Chan, Phys. Rev. Lett.
102, 253902 (2009).
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Few photons storage in thulium doped crystals
T. Chanelière, M. Bonarota, R. Lauro, J. Rugierro, J.-L. Le Gouët
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Abstract: We experimentally investigate the quantum storage capability of a Tm:YAG
crystal by using the Atomic Frequency Comb (AFC) protocol. Experiments are performed
with less than a photon per pulse.
The prospect of a quantum memory for light in solids follows a long tradition of optical data storage
and processing in rare-earth-ion-doped crystals. The most promising storage protocols have been designed
to benefit from the main characteristics of these materials [1].
Doped solids and atomic vapours have similar properties concerning their interaction with light. There
are also noticeable differences which deserve a specific introduction since they are the building-blocks of
dedicated memory protocols. Extremely long storage can be achieved in rare-earth doped solids because
ions are motionless and have good coherence properties. Last but not least, the protocols take advantage
of the broad inhomogeneous absorption profile and consider large bandwidth quantum storage. I’ll finally
present the experimental results that we recently obtained in Tm:YAG with the AFC protocol [2]. The
experiment is done with weak pulses containing less than a photon [3]. These noise features are compatible
with the requirement of a quantum memory.
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Femtosecond laser filamentation and molecular rotation
S. L. Chin
Center for Optics, Photonics and Laser (COPL) &
Dept. of Physics, Engineering physics and Optics
Laval University
Quebec City, Qc G1V 0A6
Canada
Abstract
During filamentation in air, an intense linearly polarized femtosecond laser
pulse will excite molecular rotational wave packet of nitrogen and oxygen in
the filament core. The initial alignment time and the revival of the rotational
wave packets can be easily observed and measured. Its influence on nitrogen
fluorescence from inside the filament will be discussed.
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Coherent perfect absorbers
Y. D. Chong, Li Ge, Hui Cao, and A. D. Stone
Departments of Physics and Applied Physics, Yale University, New Haven CT

We show that it is possible to tailor the geometry and material properties of a purely
dielectric object in order to completely absorb incoming light of a given frequency and modal
structure. We call this system a “coherent perfect absorber” (CPA), and it is equivalent to
the time-reverse of a laser at threshold. It occurs when the material dissipation is tuned
so as to place a zero of the absorbing object’s S-matrix onto the real-k axis (in analogy to
lasing where a pole of the S-matrix is placed on the real axis by tuning the gain).
As with a laser, not only is a specific frequency chosen but a specific mode, or in this case
a specific coherent illumination condition that prevents the incoming light from escaping due
to destructive interference, dissipating it entirely within the material. CPAs are linear optical
devices equivalent to absorptive interferometers. They may be useful for any application
where one wishes to deliver energy controllably by means of a narrow-band signal. One
practical realization of a CPA is a uniform slab of indirect bandgap semiconductor such as Si,
with an optical to near-infrared operating frequency (see figure). By modulating the relative
phases of the light incident on the two faces of the slab, one can switch between complete
absorption and anomalously high reflection. Non-uniform index dielectric absorbers can also
be employed to increase the absorption bandwidth or contrast.

FIG. 1: (a) The discrete set of refractive indices (red and blue dots) for a CPA consisting of a uniform
100-micron slab at operating wavelength 945 nm (ka = 665). Perfect absorption occurs when the actual
frequency-dependent index of undoped Si, shown in green, encounters one of these points. (b) Absolute
square of the S-matrix eigenvalues (blue and red curves), showing the fraction of unabsorbed input power
(reflection + transmission) for in-phase vs phase-shifted incident beams. At several wavelengths around 945
nm, output is reduced by 30 dB (essentially complete absorption). The unabsorbed power for incoherent
incident beams is shown in black.
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“Green” Photonic Laser Sources
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Abstract: Internet usage continues to increase in virtually every county on our planet; the estimated
growth rate from 2000 to 2009 is 380% [1]. To support this ever increasing connectivity has required the
construction of new and/or expanded data centers which contain electronic and optoelectronic systems
for information processing, switching, and distribution. Accompanying the information infrastructure
growth is an increased demand for energy. In order to sustain the increased demands of the internet
infrastructure, there is a need for photonic digital systems that require less energy for generation or
switching per bit of information.
Vertical cavity surface emitting lasers (VCSELs) are the digital
photonic sources used in short distance optical interconnects
that are used by the thousands within data centers. One
advantage of the VCEL is its relatively low operating power;
nevertheless, all semiconductor lasers fundamentally require
increased photon cavity density (increased relaxation oscillation
frequency), and thus increased electronic injection above
threshold, in order to operate at higher modulation speeds.
Hence we are exploring new digital modulation approaches for
VCSELs that can operate at low power, ideally near the laser
threshold. In this presentation three approaches for mode
modulation under development in my laboratory will be reviewed.
Rather than modulate the amplitude of a laser mode, we seek to
change the mode (i.e. change the boundary conditions of the
cavity and thus its optical modes) in a manner that effectively
changes the output. An example is longitudinal mode modulation
within a composite resonator vertical cavity laser which is
depicted in Fig. 1 [2]. By varying the electronic induced refractive
index within the two coupled optical cavities, the longitudinal
mode can be “pulled” out of the wafer surface (Fig. 1(a)),
“pushed” into the substrate (Fig. 1(b)), thus modulating the top
laser emission. Another example is VCSEL polarization
modulation, in which the laser injection remains constant, but the
mode polarization changes [3]. A third approach is varying the
spatial profile of the mode far field using 1x2 coherently coupled
VCSEL arrays. Shown in Fig. 2 are the far field mode profiles
achieved using a small variation of current injection [4]. Digital
modulation can be achieved by varying the location of the onaxis lobe on and off of a photodetector. The objective of all of
these mode modulation techniques is the effective digital
variation of the laser output using a very low power input signal
where the laser can be operated near threshold, independent of
the modulation frequency.

Fig. 1. Index and normalized intensity
profile for a CRVCL when (a) the top
cavity is shorter and (b) longer than the
bottom cavity. Insets show the optical
intensity near the laser facet.

Fig. 2: far field scans showing the
spatial displacement on-axis.
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Solid-state lighting and the efficiency droop problem
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Much effort is being directed towards the development of gallium-nitride (III-N) light emitting
diodes (LEDs) as replacement for incandescent and fluorescence lights. A driving motivation is
efficiency. However, recent experiments have discovered that past a certain excitation level, the
III-N LED efficiency actually decreases with increasing current density. The physical
mechanism for this ‘efficiency droop’ is intensely debated. This paper gives an overview the
solid-state lighting effort and presents an attempt at resolving the efficiency droop problem. For
the latter, we use a model that provides a more microscopic description of scattering processes
and a more detailed accounting of bandstructure effects than the phenomenological rate equation
approach presently used to address the problem.
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The propagation of noise fields in a dispersive medium
Leon Cohen

City University of New York, 695 Park Avenue, New York, NY 10021
We aim to show how a noise field propagates in a medium that has dispersion and frequencydependent attenuation. There are many mechanism that produce noise in the ocean and while some
are stationary many are not. This is particularly the case of noise fields commonly called clutter
and reverberation. We address and solve the following problem: Suppose a noise field with known
statistics is generated in a region or point in space, then, what are the statistics at a later time
and at an arbitrary point in space where the propagation is in a dispersive medium. We emphasize
that the method presented deals with noise fields and stochastic processes that are not necessarily
stationary either locally or globally. We show that considerable insight may be achieved if the
problem is analyzed in phase-space where the phase-space distribution may be time-frequency or
position-wavenumber. We obtain an exact differential equation for propagating noise fields and
show that it leads to effective approximate methods for practical calculations. The approach is to
deal with deterministic wave propagation in phase space where we derive exact expressions for the
spreading of a propagating pulse in a dispersive medium. The conditions for contraction of a pulse
before it eventually spreads to infinity are derived. One then ensemble averages to do the noise case.
We first deal with the case where the environment is deterministic. By a deterministic environment
we mean that propagation parameters or medium have no random aspects and that the random
aspects come in only in the initial generation of the noise field. A number of examples will be given,
and application to a train of pulses relevant to reverberation and clutter is also discussed.
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Coherent manipulation of ultracold polar molecules
Robin Côté
Department of Physics, University of Connecticut, Storrs, CT 06269
We have seen rapid developments in the manipulation of ultracold molecules in the last
few years. Ultracold molecules are interesting in a very large range of fields, from ultracold
chemistry, to high-precision measurements, to quantum information processing [1].
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Figure 1: Left: FOPA + STIRAP, where an initial state |Ψǫ i from the continuum is transferred to a final |1i via an intermediate state |2i. The process is enhanced by a bound level
|bi imbedded in the continuum. Right: conditional conversion of two atoms into a ground
state molecule. which can then interact with another site.
Recently, we showed that Stimulated Raman Adiabatic Passage (STIRAP) near a Feshbach resonance could, using low intensity laser pulses, efficiently transfer pairs of atoms
directly from the continuum to the lowest rovibrational level of the molecular ground state
[2] (see left panel in Fig. 1). In the present work, we extend this idea and suggest a combined
atomic/molecular system for quantum computation. We show that two atoms of different
species in a given site, e.g., in an optical lattice, could be used for qubit encoding, initialization and readout, with one atom carrying the qubit, the other enabling a gate. In particular,
we describe how a two-qubit phase gate can be realized by transferring a pair of atoms into
the ground rovibrational state of a polar molecule with a large dipole moment, and allowing
two molecules to interact via their dipole-dipole interaction (see right panel in Fig. 1). We
also discuss how the reverse process of coherently transferring a molecule into a pair of atoms
could be used as a readout tool for molecular quantum computers.
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Strategies for coherent spectroscopy based on a single
broad bandwidth shaped pulse
Dmitry Pestov, Vadim Lozovoy, Paul Wrzesinski, and Marcos Dantus
Department of Chemistry, Michigan State University, E. Lansing MI, 48824
Telephone (517)355-9715 x314, E-Mail: dantus@msu.edu
Abstract: We have been developing strategies for obtaining coherent nonlinear optical
spectroscopic signals using a single-beam approach. The laser pulses have sufficient
bandwidth to excite impulsively up to 2,500 cm-1, and therefore are ideal for coherent
vibrational spectroscopy. This talk will present some of our latest methods and compare
them based on experimental results obtained in gas and liquid phases.
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An ultracold, high-density sample of rovibronic ground-state molecules
in an optical lattice
J. G. Danzl,1 M. J. Mark,1 E. Haller,1 R. Hart,1 M. Gustavsson,1 and H.-C. Nägerl1
1
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Control over all internal and external degrees of freedom of molecules at the level of single quantum states
will enable a series of fundamental studies in physics and chemistry. In particular, samples of ground-state
molecules at ultralow temperatures and high number densities will allow novel quantum-gas studies, precision
measurements, ultracold chemistry and future applications in quantum information science. However, high phasespace densities are not readily achieved for molecules in lack of highly efficient cooling techniques such as laser
cooling.
We report on the production of a high-density, ultracold sample of rovibronic ground-state molecules in an
optical lattice. The molecules are prepared in a single hyperfine level of the |v = 0, J = 0 > ground level of the
1
Σ electronic ground state. Here, v and J are the vibrational and rotational quantum numbers, respectively.
Our approcoach takes advantage of the fact that high phase-space densities can readily be achieved for atoms
and that pairs of atoms can efficiently be associated to weakly-bound molecules on a Feshbach resonance. These
weakly-bound molecules are then coherently transferred to the rovibronic ground state [1] with the Stimulated
Raman Adiabatic Passage (STIRAP) technique. The figure sketches our preparation procedure. We initially load
a Bose-Einstein condensate (BEC) of Cs atoms into a three-dimensional optical lattice and drive the superfluidto-Mott-insulator transition. The Mott insulator (MI) is prepared under conditions that maximize the size of
the Mott shell with exactly two atoms per lattice site. Subsequent Feshbach association (FA) converts pairs of
atoms at doubly occupied sites to weakly-bound molecules,which reside in the motional ground-state of each
lattice well, perfectly shielded from collisional loss. Transfer to |v = 0, J = 0 > is either accomplished in a single
4-photon STIRAP transfer [1] or, alternatively, by applying two consecutive 2-photon STIRAP steps. As an
intermediate level we choose the deeply-bound ground-state level |v = 73 > [2]. The efficiency for transfer to
|v = 0 > is over 50%. The ground-state molecules are trapped in the motional ground state at each lattice well
and have a lifetime of 8 s.
Our results enable state-selective collisional studies and present a crucial step towards Bose-Einstein condensation of ground-state molecules and, when generalized to polar heteronuclear molecules, the realization of dipolar
quantum-gas phases in optical lattices.

BEC

MI

FA

STIRAP

X 1Σg+ |v = 0, J = 0>

FIG. 1: Preparation of ultracold ground-state molecules in an optical lattice

[1] J. G. Danzl et al., arXiv:0909.4700 (2009).
[2] J. G. Danzl et al., Science 321, 1062 (2008).
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Quantum-Type Reversible Circuits and Algorithms
Walter C. Daugherity
Department of Computer Science & Engineering
Texas A&M University, College Station, Texas 77843
Telephone: 979-845-1308, Fax: 979-862-3684
E-mail: daugher@neo.tamu.edu

Abstract: Quantum circuits (and their corresponding algorithms) are intrinsically reversible, since the quantum gates from which
they are composed (except for measurement operations) are reversible. This makes it straightforward to construct the inverse of a
quantum circuit from the inverses of the original quantum gates [1]. In contrast, classical combinational Boolean logic circuits
(composed of AND gates, OR gates, etc.) are not in general reversible. Consequently, designing the inverse of a non-trivial circuit is
essentially a new problem requiring significant time and effort.
There are important practical problems where the inverse circuit is harder to design than the original; for example, multiplication
versus factorization, or modular exponentiation versus discrete logarithms. The fact that factorization and discrete logarithms are
harder than multiplication and modular exponentiation forms the basis for the security of the RSA and Diffie-Hellman
cryptosystems, respectively. Thus an efficient technique for obtaining the inverse of a circuit is useful.
We first discuss the requirements for invertibility of a function, namely, that it be a bijective map, that is, one that is both
injective and surjective. When it is not, it can either be embedded in a bijective map by adding additional bits (variously called
ancilla, auxiliary, or garbage bits) to the circuit, which adds rows and/or columns to its truth table [2, 3], or an invertible subset can
be chosen, which deletes rows and/or columns. Then if the augmented/reduced function is implemented as a reversible circuit, its
inverse is readily obtained.
The classical combinational Boolean logic gates (NOT, AND, OR, XOR, NAND, NOR, and XNOR [which really should be called
NXOR]) are not invertible, with the exception of NOT, which corresponds to the quantum X gate. The remaining Boolean logic
gates can be implemented with the Boolean logic implementation of a generalized Toffoli gate (see Figure 1a). The corresponding
quantum gate is a Cn-NOT gate, where n = 0, 1, 2, 3, …. With n = 0 this subsumes the NOT (or X) gate as well. In addition, it is
useful to include quantum swap gates, since they can be implemented at no cost by relabelling, which also holds for Boolean logic
circuits. We now have a universal reversible set of Boolean logic gates.
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Fig. 1. (a) Boolean logic implementation of a generalized Toffoli gate. (b) Multiplication circuit to
calculate n = p × q. (c) Factorization circuit to calculate p and q from n.
As an example, suppose we desire to construct a Boolean logic circuit for a difficult problem like factorization. Then we can use this
process to first convert the easier function for multiplication into an invertible circuit, implement it (Figure 1b) using gates such as
in Figure 1a, and then trivially implement the inverse circuit for factorization (Figure 1c). We demonstrate that the circuits
perform as intended, and also demonstrate a scaled-up version for factors longer than 3 bits.
We have thus provided a practical solution to two problems: (1) the problem of designing and constructing logic circuits for two
functions, both an invertible function and its inverse, with only the amount of effort required to design and construct a logic circuit
for one of the two, and (2) the problem of more efficiently designing and constructing a logic circuit for a function which is harder to
design and construct than its inverse.
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Compressing linear waves trapped in plasma
I. Y. Dodin and N. J. Fisch
Department of Astrophysical Sciences, Princeton University, Princeton, New Jersey 08544, USA

Abstract: Plasmas can trap long-lasting waves which can be amplified by compressing the medium. We study various regimes of such compression and related
nonadiabatic effects in transient plasmas, with an eye toward high-energy-density
applications and astrophysical problems.
Being governed by electromagnetic forces, plasmas support a variety of linear waves which
can persist on sufficiently long time scales without dissipation. Contrary to, say, optical
radiation, which either barely “sees” plasma or, otherwise, cannot propagate (with a relatively abrupt transition between the two linear regimes), some of the modes naturally
exhibit stronger coupling with the medium over a wide range of plasma parameters. For
instance, those include electrostatic Langmuir oscillations and also Alfvén waves, which are
low-frequency vibrations of the magnetic field immersed into plasma. The eigenfrequencies
of these modes follow power laws as functions of the plasma average density n and thus
can vary by orders of magnitude depending on n. Thus, trapping such waves in plasma
(or making use of their relatively small group velocities) permits altering the wave energies
significantly as the ambient medium evolves.
Particularly, there may be important high-energy-density applications connected with compressing plasma targets adiabatically, in which case the pre-seeded wave action is conserved
resulting in wave amplification [1]. Related fundamental questions are whether instabilities
can be triggered by the increased ratio of the wave energy and the plasma kinetic energy,
or how non-Hamiltonian processes like ionization and recombination affect the wave evolution. Finally, the wave compression problem is also considered in connection with how
the early Universe metric expansion has been cooling the primordial plasma wave spectrum.
The question of whether the latter could have been responsible for the Universe structure
formation is also addressed.

References
[1] I. Y. Dodin, V. I. Geyko, and N. J. Fisch, Langmuir wave linear evolution in inhomogeneous nonstationary anisotropic plasma, Phys. Plasmas 16, 112101 (2009).
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Dynamical Casimir Effect in cavities with laser-excited
semiconductor layers
Victor V. Dodonov
Institute of Physics, University of Brasilia, Brasilia, DF, Brazil
E-mail: vdodonov@fis.unb.br
I intend to give a brief summary of main achievements in the theory of the Dynamical Casimir
Effect (DCE) in cavities with laser-excited semiconductor layers [1,2] and the current status of
attempts of its experimental observation [3,4]. The emphasis will be made on the following items.
1) An importance of taking into account the inevitable dissipation in the semiconductor slab
and the need for the microscopical theory of the DCE in dissipative media in the presence of
short but strong periodical modulations of parameters. A simplified model of quantum damped
oscillator with an arbitrary time dependence of the frequency and damping coefficient, based on the
Heisenberg–Langevin equations with delta-correlated stochastic force operators will be presented.
It shows that under resonance conditions the field mode will go to the “superchaotic” quantum
state with σN = 2hN i2 and the asymptotical photon distribution function [2]
hm|ρ̂|mi = [2πhN i(m + 1/2)]−1/2 exp[−(m + 1/2)/(2hN i)].
The dependence of the mean photon number hN i on different parameters, such as energy, number
and shape of laser pulses, the mobility of carriers in the semiconductor slab, absorption coefficient
of laser radiation, thickness of the slab and geometry of the cavity, will be analyzed.
2) An importance of precise calculations of the time-dependent shift of resonance frequency of
an electromagnetic cavity due to strong variations of dielectric properties in a thin layer near an
ideally conducting wall. Here I shall demonstrate how the new formula [1]
R

δω
δε(r) E0 E∗0 dV
i
≈−Rh
,
ω0
2E0 E∗0 + ω0 δε(r)E∗0 ∂E0 (r; ω)/∂ω|ω=ω0 dV

generalizing the known Schwinger–Bethe–Casimir formula, works in cavities of different shapes.
The analysis will demonstrate the feasibility of the experiment.
References
[1] V.V. Dodonov, J. Phys.: Conf. Ser. 161, 012027 (2009).
[2] V.V. Dodonov, Phys. Rev. A 80, 023814 (2009).
[3] C. Braggio, G. Bressi, G. Carugno, C. Del Noce, G. Galeazzi, A. Lombardi, A. Palmieri, G.
Ruoso, D. Zanello, Europhys. Lett. 70, 754 (2005).
[4] A. Agnesi, C. Braggio, G. Bressi, G. Carugno, F. Della Valle, G. Galeazzi, G. Messineo, F.
Pirzio, G. Reali, G. Ruoso, D. Scarpa, D. Zanello, J. Phys.: Conf. Ser. 161, 012028 (2009).
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The Schwinger Effect: Nonperturbative Pair Production from Vacuum
Gerald V. Dunne
Department of Physics, University of Connecticut, Storrs, CT 06269
The Schwinger effect is the non-perturbative production of electron-positron pairs when
an external electric field is applied to the quantum electrodynamical (QED) vacuum. The
inherent instability of the vacuum in an electric field was one of the first non-trivial predictions of QED, but the effect is so weak that it has not yet been directly observed. However,
new developments in ultra-high intensity lasers may bring us to the verge of this extreme
ultra-relativistic regime. This necessitates a fresh look at both experimental and theoretical
aspects of the Schwinger effect. I describe some new theoretical ideas aimed at making this
elusive effect observable, by careful shaping of the laser pulses.
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MICROCAVITY PLASMA ARRAYS AND COUPLING OF SEMICONDUCTOR
AND GAS PHASE PLASMAS
Professor J. Gary Eden
University of Illinois at Urbana-Champaign
Department of Electrical and Computer Engineering
Urbana, IL 61801
ABSTRACT:
Confining low temperature, nonequilibrium plasmas to cavities of mesoscopic dimensions
has given rise to a family of optoelectronic devices with unique optical and fluid properties.
This presentation will review recent advances in the fabrication, performance, and
applications of microcavity plasma arrays, including the recent observation of collective
behavior. A new photonic device, based on coupling e - - h+ and gas phase plasmas to yield
an npn plasma bipolar junction phototransistor, will be introduced.
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Analytical Solutions of the Schrodinger Equation in Time and Space
H. Eleuch1,2, Y. V. Rostovtsev1,3 and M. O. Scully1,2
1

Department of Physics and Institute for Quantum Studies, Texas A & M University, College Station, TX 77843-4242
2

Applied Physics Group, Department of Mechanical & Aerospace Engineering, Princeton University, NJ 08544
3

Department of Physics, University of North Texas, Danton, TX 76203

Abstract: We derive analytical solutions for the stationary Schrödinger equation in general and for two level
dynamics of a two-level system driven by a strong off-resonant electromagnetic field in particular.
The Schrödinger equation is a pillar of modern science. Numerous methods and techniques have been developed to
find an exact or an approximate solution of the SE such as perturbation theory, variational methods, and diagram
methods. One widely used approximation is the WKB method and variants. The WKB approximation has proven
its efficiency to solve Schrödinger-like equations. Nevertheless the WKB method is limited to an adiabatic potential
where the variation of the potential energy at the distance of the order of the de Broglie wavelength is small in
comparison to the kinetic energy.
In the first part, we present an analytic solution beyond adiabatic approximation by transferring the 1D Schrödinger
equation into the Ricatti equation. Then we show that our solution is more accurate than WKB approximation. The
generalization of the approach to 3D is suggested.
In the second part, we present 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.
Finally the connection between the two parts will be discussed.

Fig.1: The non-normalized probability density for a particle scattered by Sech-potential as function of the position x,
calculated by; our analytical solution (red solid line), numerical simulation (blue dashed line) and WKB method (black dotted
line).

References
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New Analytical Solutions of the Schrodinger Equation
H. Eleuch1,2, Y. V. Rostovtsev1,3 and M. O. Scully1,2
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Department of Physics and Institute for Quantum Studies, Texas A & M University, College Station, TX 77843-4242
2

Applied Physics Group, Department of Mechanical & Aerospace Engineering, Princeton University, NJ 08544
3

Department of Physics, University of North Texas, Danton, TX 76203

Abstract: We derive analytical solutions for the stationary Schrödinger equation in general and for two level
dynamics of a two-level system driven by a strong off-resonant electromagnetic field in particular.
The Schrödinger equation is a pillar of modern science. Numerous methods and techniques have been developed to
find an exact or an approximate solution of the SE such as perturbation theory, variational methods, and diagram
methods. One widely used approximation is the WKB method and variants. The WKB approximation has proven
its efficiency to solve Schrödinger-like equations. Nevertheless the WKB method is limited to an adiabatic potential
where the variation of the potential energy at the distance of the order of the de Broglie wavelength is small in
comparison to the kinetic energy.
We present an analytic solution beyond adiabatic approximation by transferring the 1D Schrödinger equation into the
Ricatti equation. Then we show that our solution is more accurate than WKB approximation. The generalization of the
approach to 3D is suggested. Connection to a new analytic treatment of the detuned atom-field interaction beyond the
rotating wave approximation will be discussed.

Fig.1: The non-normalized probability density for a particle scattered by Gaussian-potential as function of the position x,
calculated by; our analytical solution (red solid line), numerical simulation (blue dashed line) and WKB method (black dotted
line).
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Nonlinear Nanostructures in Metactronics
Nader Engheta
University of Pennsylvania, Department of Electrical and Systems Engineering
Philadelphia, Pennsylvania, USA
*
engheta@ee.upenn.edu

To expand the concept of metactronics – metamaterial-inspired optical circuitry --, which we have
recently introduced and have been developing in my group [1-6], we have now included nonlinear optical
materials in formation of nonlinear nanostructures as optical nanocircuit elements in metactronics. We
have shown that nonlinear materials such as those with 2nd-order optical nonlinearity, phase-change
materials, etc, can play important roles in nonlinear nanocircuit elements, such as optical lumped
memristors [6], lumped elements with second-harmonic dipole [5], etc, and can add to the list of
nanoelements in our metactronic paradigm, thus extending the characteristics of metactronics to nonlinear
processes.
In this talk, we will present an overview of our recent results in studying the nonlinear metactronics
with exciting functionality that includes nanoscale switching, nanoscale memory, and nanoelements.
REFERENCES
1. Engheta, N. “Circuits with Light at Nanoscales”, Science, Vol. 317, 1698-1702, 2007.
2. Engheta, N., A. Salandrino, A. Alu, “Circuit Elements at Optical Frequencies: Nanoinductor,
Nanocapacitor, and Nanoresistor,” Phys. Rev. Lett. Vol. 95, 095504, 2005.
3. Alu, A., N. Engheta, “Tuning the Scattering Response of Optical Nanoantennas with Nanocircuit
Loads”, Nature Photonics, Vol. 2, 307-310, 2008.
4. Silveirinha, M. G., A. Alu, J. Li, N. Engheta, “Nanoinsulators and Nanoconnectors for Optical
Nanocircuits,” Journal of Applied Physics, Vol. 103, 064305, 2008.
5. Chettiar, U., N. Engheta, “Mixing Plasmonic Cloaking with 2nd Order Optical Nonlinearity”
Frontiers in Optics 2009, Abstract FTuN7.
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Optics 2009 Abstract FMA7.
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Yoctosecond photon pulses from quark-gluon plasmas
Jörg Evers,1 Andreas Ipp,1, 2 and Christoph H. Keitel1
1

Max-Planck-Institut for Nuclear Physics, Heidelberg, Germany
2
Technical University Vienna, Vienna, Austria

We show that high-energetic photon pulses down to the yoctosecond (1 ys = 10−24 s) timescale
are emitted by quark-gluon plasmas created in heavy ion collisions, and discuss prospects for pumpprobe spectroscopy at the ys timescale.

For high-precision spectroscopy and structural studies, short light flashes with high photon energy
are required. Present ultra-fast laser optics is at the frontier between atto- and zeptosecond photon
pulses, giving rise to unprecedented applications in the microscopy of atoms and molecules. Even
shorter pulses with higher photon energy would improve the temporal and spatial resolution, or
would allow for the investigation of smaller structures, such as for example atomic nuclei. This
motivates the search for alternative light sources.
Here, we show that high-energetic photon pulses down to the yoctosecond timescale can be produced
in heavy ion collisions [1]. In particular, we focus on light emission from the initial phase of an
expanding quark-gluon plasma (QGP). We study how the time evolution and properties of the
plasma may influence the duration and shape of the photon pulse.
Based on a recent model for the expansion dynamics of the QGP [2], we find that under certain
conditions, a double peak structure in the emission envelope can be observed, see Fig. 1. This could
be the first source for pump-probe experiments at the yoctosecond timescale. We find that the delay
between the peaks is directly related to the isotropization time, and the relative height between the
peaks can be shaped by varying photon energy and emission angle. Such pulses could be utilized,
for example, to resolve dynamics on the nuclear timescale such as that of baryon resonances [3].
As an alternative interpretation of our results, a time-resolved study of the emitted photons could
provide a window to the internal QGP dynamics throughout its expansion.
[1] A. Ipp, C. H. Keitel, and J. Evers, Phys. Rev. Lett. 103, 152301 (2009).
[2] M. Martinez and M. Strickland, Phys. Rev. Lett. 100, 102301 (2008).
[3] M. Dugger et al., Phys. Rev. C 76, 025211 (2007).
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FIG. 1: Temporal evolution of the quark-gluon plasma. Two ions (colored disks) collide along the beam
collision axis (black double arrow). Image (a) shows the time immediately after the collision. The plasma
(orange area) shines light (wavy arrows) in all directions, so that a first pulse in the direction of the detector
(green semi-circle) is formed. (b) After some time, the inner dynamics of the plasma will cause light to
be preferentially radiated perpendicular to the direction of flight of the ions. During this time no light
is emitted into the direction of the detector which is placed close to the collision axis. In (c) the plasma
radiates again in all directions, so that the second pulse is emitted in the direction of the detector.
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Single-spatial mode source of photon pairs
Jingyun Fan
Joint Quantum Institute
University of Maryland and National Institute of Standards and Technology
Gaithersburg, MD 20899
The generation of correlated photon pairs in the single-spatial mode is particularly useful to
many researches in quantum optics and quantum information processing. This could mean lower
cost and smaller foot-print of the instrumental platform, while photon pairs are produced at high
rate. The single-spatial mode property also eases the collection and delivery of single photons.
For the first part of the talk, I will report the development of photonic-crystal-fiber based
source of photon pairs with the up-to-date technology. The measured second-order correlation
function is as low as 0.007, and the fidelity and tangle for the produced uncorrected photonic
entanglement are 97% and 92%. Such a source has the potential to be used a high-heralding
efficiency single-photon source.
(a)
(b)
(c)

Fig. 1: (a) Coincidence/accidental (C/A) and g(2) as a function of the detected photon pair rates. (b)(c) Real and imaginary
parts of the reconstructed density matrix at a two-photon detection rate of ~3 kHz. λ pump = 741.7 nm, λ signal = 690.4 nm,
λ idler = 801.2 nm, ∆ λ = 0.15 nm. The magnitude of the components of the imaginary part is less than 0.013. The fidelity to
the Bell state is 97±1%.

For the rest of the time, I will report the progress of generation of single-spatial mode source
of photon pairs in a KTP waveguide. I will show the photon pairs output from this straight
waveguide are both spectrally and spatially factorable after applying spectral filtering (which
transmits 90% of the produced photon pairs).
(a)

(b)

(c)

Fig. 2. (a) Schema for a KTP crystal containing a waveguide. (b) Two-photon joint spectrum. (c) Degree-offactorization and two-photon transmittance as a function of collection bandwidth (labeled in the figure), filtering
both the signal and the idler photons. λ pump = 764 nm, λ signal = 1550 nm, λ idler = 1506 nm.
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Fano Interference in Self-Assembled Plasmonic Nanoparticle
Clusters
Jonathan A. Fan1, Kui Bao2, Jiming Bao3, Rizia Bardhan4, Naomi J. Halas4,
Vinothan N. Manoharan1.5, Peter Nordlander2, and Federico Capasso1
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School of Engineering and Applied Sciences, Harvard University, Cambridge, MA 02138
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Department of Physics, Rice University, Houston, TX 77005
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Department of Electrical and Computer Engineering, University of Houston, Houston, TX 77204
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Abstract: Strong plasmonic Fano interference is observed at near-infrared
wavelengths in clusters of dielectric-coated gold nanoshells.
Fano interference is a general phenomenon [1] pervasive in quantum and classical systems.
Recently, it has been investigated in plasmonic nanostructures [2,3] that support superradiant
bright modes and subradiant dark modes at overlapping energies. Here, the bright mode can be
excited via two different pathways, and their destructive interference results in a pronounced
minimum in the extinction and scattering spectra. In this study, clusters of non-touching gold
nanoshells are investigated as model systems for Fano interference. The self-assembly of
metallic colloids from solution provides an alternate route to structure fabrication and can be
coupled with polymer chemistry to create structural features at finer, molecular length scales.
Fano interference is illustrated in a heptamer cluster in Fig. 1. The experimental scattering
spectra in Fig. 1a are for three different orientations of the incident electric field relative to the
cluster, and they exhibit an isotropic, in-plane Fano minimum at 1450nm. The calculated
scattering spectra for a heptamer at different orientation angles are shown in Fig. 1b and display
Fano resonances and lineshapes that match well with the experimental spectra. An analysis of
the bright and dark modes of the heptamer [3] elucidates this interference effect.

Fig. 1: Experimental and calculated dark field spectra of a heptamer cluster. (a) TEM image and experimental spectra of a
heptamer at three different electric field orientation angles. The Fano minimum at 1450nm is isotropic for all orientation
angles. (b) Calculated spectra for a heptamer embedded in a dielectric cylinder for the orientation angles from (a).
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Molding the Flow of Light and Sound With Metamaterials
Nicholas Xuanlai Fang
Dept of Mechanical Science and Engineering And The Center for Nanoscale
Chemical-Electrical-Mechanical Manufacturing Systems
University of Illinois-Urbana Champaign
Abstract
For conventional lenses, the image resolution is smeared at the scale of
wavelength. This is because photons escaping from the sub-wavelength objects
spread out rather than remaining confined in their original dimensions. However,
this physical law of diffraction needs to be revisited for materials made of
artificial “atoms” and “molecules” that offer extraordinary optical and acoustic
properties. These metamaterials could have profound impact in a wide range of
applications such as real-time imaging and manipulation at molecular scale.
In this talk, I will discuss our progress of making these artificial
metamaterials for optical and acoustic imaging purposes. We demonstrated, for
the first time, focusing ultrasound [1] through metamaterials made of subwavelength Helmholtz resonator arrays. Furthermore, using smooth silver as an
optical superlens [2], we recently demonstrated imaging with 30nm resolution,
or 1/12 of the illumination wavelength. These plasmonic structures indeed
promise exciting avenues to highly compact nanoscale optical imaging and
communication devices [3].
This work was partially supported by DARPA (GRANT HR0011-05-3-0002), ONR
(GRANT N00173-07-G013) and NSF (GRANT CMMI-0709023).
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Compressing Waves in Plasma
Nathaniel J. Fisch
Department of Astrophysical Sciences, Princeton University
Princeton, New Jersey 08540
Abstract: This talk reviews how waves can be compressed in time either through nonlinear
interactions with other waves in plasma or through adiabatic changes in time of the density
of the plasma medium.
A long electromagnetic pulse can decay into a short electromagnetic pulse through nonlinear
backscattering in plasma, effectively compressing in time the long pulse. This nonlinear interaction is
particularly valuable for compressing high intensity light, for which compression by material gratings
may not be an option. The most efficient wave compression occurs through irradiating plasma by a long
pump laser pulse, carrying significant energy, which is then quickly depleted by a resonant nonlinear
Raman process in the plasma by a short counter-propagating pulse [1]. At high power, pulses in the range
of many picoseconds can be compressed through resonant Raman backscattering to pulses in the range of
many femtoseconds. This effect has now been observed in plasma at micron wavelengths in tabletop
terawatt experiments [2-3], consistent with many of the key theoretical predictions [4]. The technique can
also be extended, in principle, to shorter wavelengths, where material gratings utterly fail at high power,
and possibly the technique may extend even to the x-ray regime [5].
The Raman backscattering is a low-order nonlinear process in plasma, a 3-wave interaction involving
only the light waves and the plasma wave. Alternatively employing highly nonlinear up-conversion, high
harmonic generation and phase matching can produce attosecond bursts of hard x-rays (see, e.g. [6]).
A different type of wave compression in time occurs when the plasma itself is compressed to higher
density [7]. In particular, waves with small group velocity, such as Langmuir waves, can be compressed
in plasma so long as the compression time is short compared to the collision time, but long compared to
the wave period. As the Langmuir wave grows, the ratio of the field energy to the plasma kinetic energy
changes, which can in turn govern a variety of plasma processes. With the advent of high-power lasers
capable of exerting extremely powerful compression of plasma, the separate control of wave energy,
decoupled from the random particle energy, might be important.
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Atom chips: one decade of ultra cold atoms microns from a surface
Ron Folman – Ben-Gurion University
Atom chips have been with us for a decade. Bose-Einstein condensates have been trapped
microns from the surface; single atoms have been detected with on-chip photonics;
charges, currents, light and permanent magnets have been employed to trap atoms; and
RF and MW radiation have been used to manipulate them. Coherent evolution has been
observed both between hyperfine states and in the spatial domain.
In this talk I will review some of the technologies which were attempted, describe some
of the achievements made so far and briefly summarize a few drawbacks which became
apparent. I will conclude by describing the challenges and the prospects before us.

An example of an atom chip: This specific chip enabled extremely accurate
measurements of electron scattering within current carrying wires
(Science 319, 1226 (2008))
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Integrating Cavity Ring-Down Spectroscopy
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Abstract: We describe a revolutionary approach to ring-down spectroscopy that
makes it possible to extend this extremely sensitive technique for absorption
spectroscopy to a broad range of previously inaccessible media.
In conventional Cavity Ring Down Spectroscopy (CRDS), light is admitted to a high finesse
Fabry-Perot cavity and bounces back and forth between its two highly reflecting mirrors. If the
light input is terminated, the intensity in the cavity will decay to zero and the rate the intensity
decreases (rings-down) depends on the energy losses at each reflection from a mirror and on the
absorption of the medium between the mirrors. Although CRDS is a powerful tool for direct
absorption spectroscopy of atoms and molecules in the gas phase, it is compromised by the
presence of any scattering (including scattering by the molecules themselves). Conventional
CRDS cannot distinguish between loss of a photon by scattering and loss by absorption.
We are introducing a powerful new technique, Integrating Cavity Ring Down Spectroscopy
(ICRDS). ICRDS does distinguish between scattering and absorption losses; it provides a
measurement of absorption independent of any scattering effects in the medium. In this
technique, a sample is placed in a cavity whose wall is made of a diffuse reflector with extremely
high reflectivity. An optical fiber provides an input pulse of light to the cavity; this light is
diffusely reflected by the cavity walls. Since the light is diffusely reflected in all directions,
scattering by particles cannot change anything. A second optical fiber samples the optical
energy in the cavity. The decay of the optical energy provides a measure of the energy losses in
the cavity due both to reflection losses at the cavity wall and to absorption by the medium in the
cavity. Implementation of ICRDS has only now become possible because we have developed a
new diffuse reflector whose reflectivity is substantially greater than that of any previously known
diffuse reflecting material, >99.9%.

Fig. 1. LEFT: Example using ICRDS data to measure the reflectivity ρ of the cavity wall; the
exponential fit gives ρ =0.9991. RIGHT: Theoretical predictions for a 35 cm diameter cavity with
wall reflectivity ρ =0.9991 and with three values of the absorption coefficient of the medium in the
cavity – α = 5×10-6/cm is clearly discernible. Numerical analysis predicts a sensitivity of 5×10-9/cm.

PQE-2010

116

Speaker: Ivdar Gabitov
Session: Metamaterials 4 – New Concepts in Metamaterials
Schedule: Wednesday Morning Invited Session 2

Coherent loss compensation in optical metamaterials
Ildar Gabitov1, Bridget Kennedy1 and Andrei Maimistov2
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Abstract: We investigated coherent amplification of an electromagnetic field in the lossy optical
metamaterials taking into account effects of gain saturation. Mathematical model describing optical field
dynamics is shown to be a generalization of Maxwell-Bloch system. We investigated light interaction
both with thin films and bulk material. In case of bulk material we found and characterized nonlinear
solitary optical pulses. Results were verified by the direct numerical simulations.
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Probing Random Lasers using Ab Initio Self-Consistent Theory
L. Ge1 , Y. D. Chong1 , A. D. Stone1 , H. E. Türeci2 , S. Rotter3 and J. U. Nöckel4
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3
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We apply the recently developed Ab Initio Self-Consistent Laser Theory (AISC) laser theory [1-2] to two
and three dimensional random lasers. The theory presented in Ref. 1 is generalized to three dimensional
scalar and vector treatments of the lasing equations and extended into the more highly disordered regime.
The treatment of Ref. 1 was applied to weak scattering, quasi-ballistic random lasers and found several
eﬀects. The lasing modes at threshold were approximately described by constant flux states, which play
the role of cavity resonances; it was found that the associated lasing frequencies are strongly pulled to the
atomic line due to the broadness of the resonances. However the strong non-linear spatial hole-burning
interaction suppresses the number of lasing modes above threshold and leads to non- monotonic increase
of modal intensities with pump. The average intensity of the lasing modes increases strongly towards the
boundary in order to compensate the high loss rate there. This eﬀect can be modeled by a generalization
of Michael Berry’s random plane wave ansatz for wave-chaotic eigenfunctions, however this model breaks
down, as expected in the diﬀusive regime. The statistical distribution of all lasing thresholds and ﬁrst
lasing thresholds is studied, and the eﬀects of rare ﬂuctuations are evaluated.

Figure 1: Radial intensity of constant ﬂux states contributing to the lasing modes in two-dimensional
random lasers in the quasi-ballistic regime averaged over 400 disorder conﬁgurations. (Inset) False color
plot of a typical electric ﬁeld intensity above threshold. Brightest areas appear near the edge of the gain
boundary indicated by the white circle.
[1] “Strong Interactions in Multimode Random Lasers”, H. E. Türeci, L. Ge, S. Rotter, and A. D. Stone, Science
320, 643-646 (2008).
[2] “Ab Initio Self-consistent Laser Theory and Random Lasers”, H. E. Türeci, A. D. Stone, L. Ge, S. Rotter, and
R. J. Tandy, Nonlinearity 22, C1-C8 (2009).
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Experimental observation of Localized vortices in semiconductor Lasers
P. Genevet, S. Barland, M. Giudici, J.R. Tredicce
Université de Nice Sophia Antipolis, Valbonne, 06560, France
email: pgenevet@seas.harvard.edu
Localized structures experimentally observed in nonlinear optical cavities, also called
cavity solitons, are frequently single peak structures of high emitted intensity sitting on
a lower intensity background[1]. However, generic theoretical works in unidimensional
phase locked systems clearly show that single peak localized structures are only one
of the numerous possible localized solutions, with the others being localized patterns
including an arbitrary number of maxima. Additional family members could be included if
considering the general case of phase symmetric system, like lasers.
In this direction, theoretical models have been performed and some predicted the formation of localized structures with topological charges[2]. The helicoidal phase profile of these structures is of great interest for many applications, in particular in optical
nanoscopy technique [3], because of the properties of localized structures. One can
imagine to achieve the realization of reconfigurable array of independent and controllable ”doughnut shaped” beams.
Mimicking the behavior of laser with saturable absorber by using two coupled semiconductor lasers, one as an amplifier and the second as an absorber [4], we report on
the experimental observation of ring-like localized structures showing a phase defect in
their core. These bistable dissipative localized structures, that have never been observed
before, are also called Localized Vortices.
The experimental setup used is
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laser, L2 the saturable absorber laser. L:Lens, Coll: acts as a laser with a saturable abcollimator, BS: beam splitter
sorber.
In Fig.2 left, we show a typical near field profile of the
system when a ring-like and a
3-peaks structures are switched
on. The Fig.2 right, presents the
interferogram of the ring-like state
with a plane wave made by using
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for details).
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[2] N.N. Rosanov. Spatial Hysteresis and Optical Patterns. Springer, Berlin, 2002.
[3] S. W. Hell, Science 316, 1153 (2007).
[4] P. Genevet & al., Phys. Rev. Lett. 101, 123905 (2008).
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Superfluidity of polaritons in semiconductor microcavities
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Abstract: A semiconductor microcavity polariton fluid, injected by a nearly-resonant continuous wave
pump laser can exhibit collective excitations which deeply modify its propagation. Superfluid behaviour
of the polariton fluid is obtained and manifests itself as the suppression of scattering from defects. In other
conditions Cerenkov-like patterns are observed. Microcavities polaritons are thus very good tools for
exploring the physics of non-equilibrium quantum fluids.
In a semiconductor nanostructure, such as a quantum well, excitons, which are bound electron-hole
systems have similarities with atoms. In a quantum well made of a 10nm-layer of InGaAs embedded in a
GaAs substrate, the exciton motion is quantized perpendicularly to the well, while it is free in the plane of
the well. When the quantum well is placed in a high finesse microcavity, the strong coupling regime
between excitons and light is reached at low temperature (4K), forming exciton-photon mixed quasiparticles called polaritons. Thanks to their photonic component, polaritons can be coherently excited by an
incident laser field and detected through the emitted light. Thanks to their excitonic component, polaritons
have binary interactions, which can modify their dispersion curve. These properties have allowed to
demonstrate nonlinear and quantum optical effects in the microcavity emission 1 .
We have studied the motion of the polariton fluid injected into a planar microcavity by a resonant laser. In
the presence of static defects, the response of the system is predicted using a linearized theory analogous
to the Bogoliubov theory of the weakly interacting Bose gas 2 . Superfluidity of the polariton fluid should
manifest itself as a quenching of the usual resonant Rayleigh scattering intensity when the flow velocity
imprinted by the exciting laser is slower than the sound velocity in the polariton fluid (Landau criterion).
By varying both the flow velocity and the density of polaritons, we have demonstrated superfluidity in a
quantum fluid of exciton-polaritons 3 . By varying the pump intensity, we have observed that the system
goes from a non-superfluid regime in which a static defect creates a perturbation in the moving fluid to a
superfluid one, in which the polariton flow is no longer affected by the defect. In the supersonic regime,
superfluid propagation is replaced by the appearance of a Čerenkov-like perturbation produced by the
defect, in agreement with theoretical predictions and detailed calculations. These new effects are quite
similar to the ones observed in ultra-cold atomic ensembles.

1
J.P. Karr, A. Baas, R . Houdré, E. Giacobino, Phys. Rev. A69 031802(R) (2004); Romanelli M., Karr J.-Ph, Leyder C.,
Giacobino E., Bramati A., Phys. Rev. Lett 98 106401 (2007); Leyder C., M. Romanelli, J. Ph. Karr, E. Giacobino, T. C. H. Liew,
M. M. Glazov, A.V. Kavokin, G. Malpuech, A. Bramati Nature Physics 3, 628 (2007)
2
Carusotto, I. & Ciuti C, Phys. Rev. Lett. 93, 166401 (2004).
3
A.Amo, J.Lefrère, S.Pigeon, C.Adrados, C.Ciuti, I.Carusotto, R.Houdré, E.Giacobino, A.Bramati, Nature Phys.5, 805 (2009)
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Strongly Coupled Single-Quantum-Dot Nanocavity System:
From Vacuum Rabi Splitting to Lasing
H. M. Gibbs, G. Khitrova, B. C. Richards, J. Hendrickson, J. Sweet, J. D. Olitzky
College of Optical Sciences, The University of Arizona, Tucson, AZ 85721, USA
hyattgibbs@att.net

U. Khankhoje and A. Scherer
Electrical Engineering, California Institute of Technology, Pasadena, CA 91125, USA

D. M. Schaadt, D. Z. Hu, M. Helfrich, D. Litvinov, D. Gerthsen, M. Wegener
Karlsruhe Institute of Technology (KIT), Wolfgang-Gaede-Strasse 1, D-76131 Karlsruhe, Germany

Progress on single-quantum-dot nanocavities will be presented. The emphasis will be
upon GaAs/AlGaAs photonic-crystal-slab nanocavity devices, including MBE growth of
structures with smooth interfaces and fabrication of nanocavities with quality factor Q
values as high as 25,000 using electron beam lithography and chemically assisted ion
beam etching. Semiconductor cavity QED experiments by us and others will be
described, including vacuum Rabi splitting, sources of single photons on demand, and
coherent emission using a few or even a single quantum dot.
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Dissipative control in thermal ensembles using tunneling ionization
George N. Gibson and Li Fang
University of Connecticut, Storrs, Connecticut 06269
Telephone: 860-486-385; Email: Gibson@phys.uconn.edu
We have observed large coherent vibrations in the ground state of molecular iodine
induced by non-resonant strong-field tunneling ionization, at room temperature (Fig.1)
[1]. Moreover, we have shown that this process, called “Lochfrass” or “R-selective
ionization,” produces larger amplitude coherent motion in hotter systems than cold [2].
Moreover, as a function of increasing laser intensity, we find that the amplitude of the
coherent motion increases, while the vibrational temperature of the molecules decreases
(Fig. 2). In contrast, reversible interactions, like bond-softening, become less effective as
the temperature increases. In this poster, we present a density matrix analysis to
demonstrate this unusual temperature dependence and suggest that dissipative
interactions, like tunneling ionization, can provide strong-field control in hot systems.

Fig. 1: Pump-probe time-of-flight spectra showing
large amplitude vibrations.

Fig. 2:Time-of-flight spectra showing increasing
vibrational amplitude and vibrational cooling.

References
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Three-dimensional optical metamaterials and nanoantennas:
Chirality, Coupling, and Sensing
Harald Giessen and Na Liu
4th Physics Institute, University of Stuttgart
D-70569 Stuttgart, Germany
giessen@physik.uni-stuttgart.de

Metallic metamaterials have shown a number of fascinating properties over the last few years. A
negative refractive index, negative refraction, superlenses, and optical cloaking are some of the
ambitious applications where metamaterials hold great promise.
We are going to present fabrication methods for the
manufacturing of 3D metamaterials [1]. We are investigating
their coupling properties and the resulting optical spectra.
Hybridization of the electric [2] as well as the magnetic [3]
resonances allows us to easily understand the complex optical
properties. Lateral as well as vertical coupling can result in
EIT-like phenomena [4, 5]. These phenomena allow to
construct novel LSPR sensors with a figure of merit as high as
five [6].
The connection between structural symmetry and their electric
as well as magnetic dipole and higher-order multipole coupling
will be elucidated. It turns out that stereometamaterials [7],
where the spatial arrangement of the constituents is varied (see
figure), reveal a highly complex rotational dispersion. The chiral properties are quite intriguing
and can be explained by a coupled oscillator model.
Our three-dimensional stacking approach allows also for the fabrication of 3D nanoantennas,
which are favorable for emitting and receiving radiation from quantum systems.
References
[1] Na Liu, Hongcang Guo, Liwei Fu, Stefan Kaiser, Heinz Schweizer, and Harald Giessen: Three-dimensional photonic
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Highly power-efficient Quantum Cascade lasers
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Quantum Cascade (QC) lasers are mid- and far-infrared light sources based on cascaded
intersubband optical transitions and resonant tunneling into population-inverted laser subbands.
By the very nature of the laser process, the devices are not naturally highly power-efficient: the
cascading process involves non-radiative energy loss, the intersubband transition has a strong
non-radiative component, and optical losses are high. Nevertheless, much progress has been
made recently in increasing the wall-plug efficiency (WPE).[1,2] Here, we show how various
design strategies are employed to raise the lasers’ WPE. In particular, we discuss how
“speeding-up” the transit of electrons through the injector regions – based on a new
understanding of the inter- and intra-subband scattering processes – increases the WPE.[3] A
strongly decreased injection barrier thickness leads to better coupled injector and upper laser
subbands, with a splitting of ~20meV for QC lasers with ~4.5µm emission wavelength (Fig. 1).
For pulsed mode operation, one of our best performing lasers has a slope efficiency of ~8W/A, at
least ~10.0W peak optical output power, and a peak WPE of 47% at 80K (Fig. 2). We tested a
considerable number of QC lasers, the majority of which (in the cavity length range from 2.3–
3.0mm) has a peak wall-plug efficiency greater than 40% at 80K. A low waveguide loss of ~1.5
cm-1 is extracted from “1/L” measurements, which also helps for achieving high power
efficiency.[4] The authors acknowledge the collaboration with Jerry Meyer and his team at the
Naval Research Laboratory, Washington, DC. This work is supported in part by MIRTHE (NSFERC) and DARPA-EMIL.

Fig. 1: A portion of the conduction
band diagram of the ultra-strong
coupling QC laser design at applied
electric field of 102 kV/cm.[4]

Fig. 2: Pulsed light-current-voltage measurements and extracted WPE.
(a) Pulsed light-current-voltage measurements for an as-cleaved 13.6 µm
wide, 2.9 mm long QC laser at various heat sink temperatures. (b) The
WPE versus current is extracted from the experimental results in (a).[4]
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Coherent Collective Emission in a Random Medium
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Light scattering media, have attracted a lot of interest, as passive scatterers which could exhibit
light localization [1] and as active, light emitting, materials. Laser action has been for example
demonstrated in several strongly scattering materials [2,3]. Here, one only exploits the gain produced
by the long lifetime of the population inversion. However, in these systems, individual atomic
emissions have no definite phase relationship and essentially do not exhibit any coherence.
In this paper, we report, for the first time to our knowledge, a coherent collective atomic
emission in a strongly scattering medium by observing photon-echoes. The effect raises fundamental
questions but is also a tool to investigate phase correlation in excited disorder media. The latter is a
grinded crystal of praseodymium doped yttrium silicate (Pr:Y2SiO5) with particle sizes ranging from
130 to 10 µm. At liquid helium temperatures, we observed 2 and 3 pulse photon echoes emitted as
scattered light. The coherence lifetimes of the optical transition have been measured and are
comparable to the bulk crystal values. We specifically investigated phase matching condition [4]. It
reveals the phase correlation between distant emitting dipoles. We studied the echo efficiency as a
function of the particle sizes.
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Fluctuations in Superfluorescence Delay Time
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We study fluctuations in superfluorescence (SF) generated in rubidium atomic vapor. The dense
atomic vapor is initially excited to 5D from 5S state, via two-photon processes with femtosecond laser
pulses through 5P intermediate level. The SF emission on the 6P-5S transition at 421 nm is recorded
using a streak camera with picosecond time resolution. The time duration of the generated SF is tens of
picoseconds which is much shorter than any time scale of the relaxation processes including
spontaneous emissions and dephasing. The dependence of time delay between reference/input pulse
and SF is measured as atomic density and/or input power is varied. With the help of the secondary input
pulse, the relative delay between pair of generated SF pulses is studied experimentally. This may allow
us to understand more quantum fluctuations in SF delay time.

PQE-2010

126

Speaker: Ted Goodson
Session: Nonlinear Spectroscopy with Shaped Pulses and Entangled Photons
Schedule: Tuesday Morning Invited Session 1

Entangle Photon Spectroscopy of Organic Molecules
T. Goodson III, University of Michigan, Ann Arbor, MI 48109,
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Abstract
The use of entangled light for the purposes of spectroscopy as well as for applications in
sensing, quantum microscopy, and quantum lithography will be discussed. The Entangled
Two Photon Absorption (ETPA) cross-section of a set of nonlinear optical materials, with
known, and large, classical two-photon absorption (TPA) cross-sections, but of differing
geometry, donor-acceptor strength, and charge-transfer character, will be presented in
this talk. Materials with classical TPA cross-sections attributed to virtual transitions
involving an intermediate state are found to have measurable, and large, ETPA crosssections. However, it is also found that the materials whose (large) classical TPA crosssection is attributed to a dipole transition, without involvement of an intermediate state,
are nearly transparent to entangled photons. From these results, it will be shown that
entangled photons are highly sensitive to the intermediate states of a nonlinear optical
organic molecules and macromolecular materials. These results have great impact in the
development of materials for entangled photon sensing applications.
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Ultracold 4-body systems and the Efimov effect
Chris H. Greene
Department of Physics and JILA, University of Colorado, Boulder CO

The landscape of a few interacting atoms or other particles with short-range interactions has
triggered excitement in recent years, initially in the three-body problem where the long-predicted
Efimov effect[1] was observed in 2006 by Rudi Grimm’s Innsbruck group.[2] The tunability of
atom-atom interactions provided by magnetic Fano-Feshbach resonances was crucial in enabling
the observation of this subtle yet profound binding mechanism between particles having neardivergent scattering length. Three-body recombination measured as a function of an applied
external magnetic field provided the experimental signature, whose link to Efimov physics was
established through a number of theoretical papers.[3–5] One of the potentially crucial insights
from this research line has been the fact that these systems exhibit a universality, i.e. with many
detailed properties depending only on a single fact: that the atom-atom scattering length is the
dominant length scale in the problem.
The convergence of theoretical understanding and experimental reality for three-particle systems
described in the preceding paragraph emboldened some recent theoretical forays into the far more
challenging and complicated problem of four-body interactions in the vicinity of large two-body
scattering lengths. First, Hammer and Platter[6] conjectured that two four-body levels should exist
between each successive pair of trimer Efimov energy levels in the universality regime of very large
scattering lengths. Two years later, von Stecher et al.[7] developed a method using hyperspherical
coordinates that permitted the calculation of multiple families of four-body states, which supported
(3b)
the Hammer-Platter conjecture and made an additional quantitative prediction: If ai
< 0 is
the 2-body scattering length at which the ith universal Efimov trimer becomes bound, then the
two universal tetramer states that are attached (at unitarity) to that trimer become bound at two
(4b)
(3b)
(4b)
(3b)
values of the 2-body scattering length, ai,1 = 0.43ai and ai,2 = 0.90ai .
Reinspection of the experimental Nature article on Efimov trimers showed, intriguingly, that
features at these two scattering lengths were already evident in their recombination rate measurement in a cesium gas as a function of scattering length. These were not previously interpreted in
that study, so it was natural to predict in [7] that those represented an observation of those two
universal tetramer states. In an explosive year of progress on three-body and four-body universal
physics, these results have since been confirmed in other experimental work.[8, 9] The theory
has also advanced to the level of developing a quantitative theory of N-body recombination, with
calculations carried out for 4-body recombination in particular, showing encouraging agreement
with the Cs experiment.[7, 10] This work was supported by NSF.
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]

V.Efimov, Phys. Lett. B 33, 563 (1970);
T. Kraemer et al., Nature (London) 440, 315 (2006).
E. Nielsen and J. H. Macek, Phys. Rev. Lett. 83, 1566 (1999)
B. D. Esry, C. H. Greene, and J. P. Burke,Jr., Phys. Rev. Lett. 83, 1751 (1999)
E. Braaten and H.-W. Hammer, Phys. Rep. 428, 259 (2006)
H.-W. Hammer and L. Platter, Eur. Phys. J. A 32, 113 (2007)
J. von Stecher, J. P. D’Incao, and C. H. Greene, Nature Physics 5, 417 (2009)
S. E. Pollack, D. Dries, R. G. Hulet, Science (submitted 2009).
M. Zaccanti et al., Nature Phys. 5, 586 (2009); G. Barontini et al., Phys. Rev. Lett. 103, 043201 (2009);
N. Gross et al., Phys. Rev. Lett. 103, 163202 (2009).
[10] N. P. Mehta et al. Phys. Rev. Lett. 103, 153201 (2009)
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Optically responsive complexes for nanomedicine
N. J. Halas, Rice University, Houston, TX 77005
Plasmonic nanoparticles provide a straightforward and practical approach to the
incorporation of multiple functions into the same nanoparticle. These functions can be
both passive and active in nature, providing modified or enhanced optical properties, and
light driven, optical actuation processes. For diagnostic imaging, enhancing multiple
complementary modalities provides new methods for increasing both sensitivity and
spatial resolution. Nanoshell-based nanoparticle complexes where near-IR fluorescent
imaging and MRI imaging are enhanced simultaneously, to achieve this combination,
will be described. Light-driven therapeutics can be photothermal in nature, for inducing
hyperthermic cell death, and at lower incident light intensities can also be developed for
light-triggered gene therapy. We examine the photophysical properties of light-triggered
oligonucleotide release from plasmonic nanoparticles, quantifying this response in terms
of releasable molecules per nanoparticle, and evaluating its efficiency in protein
downregulation in living cells.

Schematic of light-controlled release of ssDNA from Au nanoshells. Green sequences are the thiolated
sense sequences bound to the Au nanoshell surface, red sequences are the antisense sequences,
released when nanoshells are illuminated with NIR light at their plasmon resonant frequency.



Aoune Barhoumi, Ryan Huschka, Rizia Bardhan, Mark Knight and Naomi J. Halas, “Characteristics
of light-controlled release of DNA from plasmon resonant nanoparticle vectors”, Chemical Physics
Letters 482, 171-9 (2009).



Rizia Bardhan, Wenxue Chen, Carlos Perez-Torres, Marc Bartels, Ryan M. Huschka, Liang Zhao,
Emilia Morosan, Robia Pautler, Amit Joshi, and Naomi J. Halas, “ Nanoshells with targeted
simultaneous enhancement of magnetic and optical imaging and photothermal therapeutic response”,
Advanced Functional Materials, articles ASAP.
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Control of the alignment dynamics of asymmetric
top molecules by means of laser pulses
Edward L Hamilton1, Maxim Artamonov2, Tamar Seideman2,
1

Department of Physics, Grand Valley State University,
Allendale, Michigan, 49401, E-mail: hamiltoe@gvsu.edu
2
Department of Chemistry, Northwestern University,
2145 Sheridan Road, Evanston, Illinois 60208-3113

Abstract: Control of the rotational dynamics of freely rotating molecules, either in the gas phase
or in dissipative systems, is an important element of the full optical control of molecular position
and orientation through laser optics. Asymmetric top molecules have three distinct symmetry axes
and present the most general challenge for rotational alignment, requiring localization of the
angular wavefunction in all three rotational coordinates at once in order to be fully aligned.
While the most straightforward method of aligning molecules is through the application of a strong
external field that remains constant over the period of many cycles of rotation (an adiabatic pulse), this
has the disadvantage of only aligning along one symmetry axis, and also results in the perturbation of the
natural energy level structure of the molecule by field-dressing the states. Our focus has been on the use
of short laser pulses either to supplement or replace the adiabatic pulse, creating a superposition of
rotational states that evolve toward alignment immediately after being “kicked” by the pulse and then
demonstrate periodic revivals of that initial alignment as they subsequently evolve in time. By using
multiple pulses rotated such that the fields lie along different axes, we demonstrate the creation of fully
aligned asymmetric top molecules.
In this presentation, we describe and contrast different techniques that use a combination of short-time
and/or adiabatic pulses, and discuss the quality of alignment achievable with each technique. These
methods produce strong alignment signals both immediately after the application of laser pulses and also
at periodic revival times. In particular, we review elements of the theory of modeling rotational revivals in
the recurrence spectrum describing the post-pulse alignment dynamics of representative small molecules
such as iodobenzene and 3,4-dibromothiophene, and compare these predictions to experiments using
comparable molecules.
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Metal-Insulator Transitions and Transport of Ultracold Atoms in
Optical Lattices
Russell A. Hart1 , Elmar Haller1 , Manfred J. Mark1 , Johann G. Danzl1 , Lukas
Reichsöllner1 , Marcello Dalmonte2,3 , Guido Pupillo2,3 , and Hanns-Christoph Nägerl1
1

Institut für Experimentalphysik und Zentrum für Quantenphysik,
Universität Innsbruck, Technikerstraße 25,
A–6020 Innsbruck, Austria
2

Institut für Theoretische Physik,
Universität Innsbruck, Technikerstraße 25,
A–6020 Innsbruck, Austria
and
3
Institut für Quantenoptik und Quanteninformation
der Österreichischen Akademie der Wissenschaften,
Technikerstraße 21a, A–6020 Innsbruck, Austria

We study the quantum phase transition of a one-dimensional (1D) superfluid system to a
Mott-insulator. Typically the phase transition is realized when the strength of two competing
terms in the system’s Hamiltonian is changed across a finite critical value [1]. However, for
strongly interacting quantum systems confined to lower dimensional geometry a novel type of
quantum phase transition may be induced for which an arbitrarily weak perturbation to the
Hamiltonian is sufficient to drive the transition. By using a 2D optical lattice, we prepare
a 1D quantum gas of bosonic Cs atoms with tunable interactions. With this we observe the
commensurate-incommensurate quantum phase transition from a superfluid Luttinger liquid to
a Mott-insulator [2]. For sufficiently strong interactions, the transition is induced by adding
an arbitrarily weak optical lattice commensurate with the atomic granularity, which leads to
immediate pinning of the atoms. We map the boundary of this phase change from the strongly
to the weakly interacting regime of the 1D system.
We also study the transport properties of an ultracold sample of weakly interacting Cs atoms
loaded into a one-dimensional optical lattice. This system is essentially dissipation-free and
with the addition of a constant force this is an ideal system for the study Bloch oscillations
(BOs). In this system there is no net transport of the matter-wave. We show that with the
addition of a harmonic driving force near resonance with the BO frequency we can induce giant
center of mass oscillations of the matter-wave over hundreds of lattice sites. These “super Bloch
oscillations” result from a beat between the usual BOs and the drive. They are rescaled BOs in
position space and can also be used, by appropriate switching of the detuning or the phase of
the driving force, to engineer transport. Thus we restore transport within this dissipation-free
system. We also find that the addition of the harmonic driving force can reduce by two orders
of magnitude the decoherence rate of a system of Bloch oscillating interacting particles.

[1] M. Greiner, et al, Nature 415 39 (2002).
[2] H. P. Büchler, G. Blatter, and W. Zwerger, Phys. Rev. Lett. 90 130401 (2003).
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87

Light scattering in high density and ultracold

Rb

M.D. Havey, Salim Balik, and A. L. Win
Department of Physics, Old Dominion University, Norfolk, VA 23529
Abstract: We report measurements of the scattered light intensity on the F = 2 → F 0 = 3 nearly
closed transition in a gas of ultracold 87 Rb atoms. Measurements are made in a narrow spectral
interval around the resonance transition, and over a range of atomic densities. For some of the
measurements, peak atomic density 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 little
explored and promising area of research. Studies of light trapping in coherently prepared samples, 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, 3] are also topics of considerable 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 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. Here the F = 2 → F 0 = 3 nearly closed hyperfine transition is studied, since in this case far-offresonance inelastic Raman transitions are weak. Measurements of the scattered light intensity are made
using two protocols. In one, resonance radiation is directed towards the very dense sample; observed signals
arise mainly from the outer regions of the optically deep sample. Representative optical depth dependent
(bt ) scattered light signals are shown in the left panel of the figure. In the second, the probe beam is spatially
and temporally overlapped with a far off resonance light shift laser, which transiently reduces the sample
optical depth, allowing insertion of optical excitation. Preliminary results for this scheme, at a detuning of
+ 1.5 MHz and for several densities are presented in the right hand panel of the figure.
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FIG. 1: LEFT: Resonantly excited scattered light intensity, for several bt , of a sample of ultracold 87 Rb atoms.
RIGHT: Density dependence of transients excited by combined light shift and probe laser. no = 6 x 1013 atoms/cm3 .

[1] L. Froufe-Prez, W. Guerin, R. Carminati and R. Kaiser, Phys. Rev. Lett. 102, 173903 (2009).
[2] I.M. Sokolov, M.D. Kupriyanova, D.V. Kupriyanov, and M.D. Havey, Phys. Rev. A 79, 053405 (2009).
[3] E. Akkermans, A. Gero, and R. Kaiser, Phys. Rev. Lett. 101, 103602 (2008).
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High resolution single spin imaging with NV diamond
Philip Hemmer
Department of Electrical & Computer Engineering, Texas A&M University
Abstract: Progress toward the nanoscale imaging of single spins at room temperature will
be reviewed.
Subwavelength imaging of single molecules and spins is of much interest for probing
fundamental physics of the solid-state environment, as well as tracking biological
processes in living cells. Many new techniques have been developed, for example
PALM/STORM, STED, quantum imaging, MRFM, EIT and others. All these techniques
have approximately the same theoretical maximum resolution, being determined by the
properties of the molecule or spin being imaged. Among room temperature systems
nitrogen-vacancy (NV) diamond currently has by far the best theoretical resolution.
To demonstrate subwavelength imaging with NV diamond a microwave field is
applied to a 2D coplanar stripline structure to get a microwave standing wave with a
period of ~25 microns. When the microwave is resonant with the NV spin transition, the
Rabi frequency can be used to determine its position in two dimensions. In Figure 1, two
NVs are seen to have different Rabi frequencies when excited by fields with gradients in
orthogonal directions. This corresponds to subwavelength resolution of the NVs to well
below the confined microwave wavelength. In addition one of the NVs is found to
actually be a pair of NV with a separation even smaller than the optical wavelength.
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Figure 1. Subwavelength ESR imaging with microwave field gradients. NV #12 is a single NV and
NV #7 is actually a pair of NVs that are resolved in one direction.
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Exact Solution for 1D Spin-Polarized Fermions with Resonant Interactions
Adilet Imambekov
Department of Physics and Astronomy, Rice University, Houston, Texas 77005, USA
Using asymptotic Bethe Ansatz, we obtain an exact solution of the many-body problem for 1D
spin-polarized fermions such as 6 Li or 40 K with resonant p-wave interactions, taking into account
effects of both scattering volume and effective range. Under typical experimental conditions,
accounting for the effective range significantly modifies the properties of the system in the resonant regime. Excitation spectrum of the considered model has several unexpected features, such
as the inverted position of particle-like and hole-like branches at small momenta, and roton-like
minima. We find that the frequency of the “breathing” mode under harmonic confinement provides
an unambiguous signature of the effective range of interactions at resonant scattering.

At low energies, scattering phase shift of fermions
in p-wave channel δp (k) can be expanded as
k 3 cot δp (k) = −

1
− α1 k 2 + O(k 4 ),
w1

(1)

where w1 is the scattering volume, and α1 is the effective range of interactions. We analytically solve
1D many- body problem for such system in the
transverse confinement a⊥ . Two dimensionless parameters which determine the ground state properties are given by
γ1 = −
where lp
α1 a2⊥
3

=

> 0.

1
> 0,
lp n
3a⊥

h

a3⊥
w1

(2)

i−1
√
− 3 2ζ(−1/2)
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FIG. 2: Excitation spectrum for γ1 = 0.5, γ2 = 0.005,
where momentum is measured in units of kF = πn, and
energy is normalized to give a unit velocity v = ε0 (k)|k=0 .
Due to interactions the particle-like mode (red, dashed)
for sufficiently small momenta has energy lower than the
hole-like mode (blue, solid). Velocities of two modes
at k = 0 coincide. The inset shows energies of holelike modes for γ1 = 10.8, γ2 = 0.022(blue, solid) and
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Nonlinear phenomenology from quantum mechanics:
Unstable Bose-Einstein condensate in a double-well trap
Juha Javanainen
Department of Physics, University of Connecticut, Storrs, CT 06269-3046
Even though quantum mechanics is supposedly the fundamental theory, a classical description
succeeds for a large host of systems. When the classical model is nonlinear, apparent discrepancies
with linear quantum mechanics readily arise. We have earlier [1] introduced the hypothesis that,
while nonlinear phenomenology is latent in the correlations within the quantum state, measurements
are the agent that brings it out into the open. In the example of Ref. [1] measurements of the atom
numbers at the sites of an optical lattice created a stationary soliton.
Here we tackle nonlinear dynamics. We study a Bose-Einstein condensate in a double-well trap.
With a sudden switch of the system parameters the condensate is put to a state that would be an
unstable fixed point of the system in the classical Gross-Pitaevskii description. One would then
expect that the system recedes exponentially in time from the fixed point. Here the apparent
discrepancy is that, under the unitary time evolution of quantum mechanics, the distance between
two states should stay constant.
We introduce a skeleton model for the detection of the numbers of condensate atoms in each of the
two potential wells by light scattering. The strength of the measurement may be varied by varying
the intensity of the measurement light, thereby making the back-action more or less intrusive. We
simulate individual runs of such an experiment using quantum trajectory methods [2].
It turns out that the distribution of the atom numbers between the two traps as inferred from the
scattered light closely mimics the expected classical behavior provided the measurement is intrusive
enough to resolve it, but not so strong that the back-action completely dominates the dynamics.
We have examples in which this is the case over three orders of magnitude in the intensity of the
measurement light. Measurements literally cause the classical dynamics, and moreover, the classical
behavior is extremely robust against the measurements.

[1] J. Javanainen and U. Shrestha, Nonlinear Phenomenology from Quantum Mechanics: Soliton in a
Lattice, Phys. Rev. Lett. 101, 170405 (2008).
[2] J. Dalibard, Y. Castin, and K. Mølmer, Wave-function approach to dissipative processes in quantum
optics, Phys. Rev. Lett. 68, 580 (1992).
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Coherent Control of Three-Photon Absorption under Bichromatic Excitation.
Pankaj K. Jha1,∗ , Hebin Li1 , Vladimir A. Sautenkov1,2 , Yuri V. Rostovtsev1,3 and Marlan O. Scully1,4

1

Institute for Quantum Science and Engineering and Department of Physics, Texas A&M University TX 77843
2
P.N.Lebedev Physical Institute, 53 Leninsky pr., Moscow 119991, Russia
3
Department of Physics, University of North Texas, Denton, TX 76205
4
Applied Physics and Material Science Group,
Engineering Quad, Princeton Univ., Princeton 08544
We demonstrated the coherent control of three-photon absorption in the presence of bichromatic
laser field in 87 Rb vapor. Introducing the phase difference between the two frequency components
of the pulse, population transfer due to three photon excitation can be optimized. We also analyzed
the non-linear behavior of the power dependence of the such process.

Multiphoton processes like two, three or four photon absorption exploits the quantum interference nature
of interfering pathways from the same initial and final states to enhance or supress one of them. Goals like
optimum population transfer, inducing coherence etc can be coherently controlled by pulse parameters like
delay and phase difference bewteen the two frequency components of a bichromatic field.
In this work we have demonstrated one such control by introducing phase difference. We found that three
photon absorption can be maximized by optimizing the phase difference between the two frequency components
Fig(1.d). The experimental results are in good agreement with the theoretical model.
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FIG. 1: (a) Transmission profile for the one photon and three photon absorption under the bichromatic excitation. (b)
Magnetic field dependence of one photon absorption.(c) Non-linear behavior of three photon absorption. (d) Oscillatory
nature of the population transfer by introducing phase difference between the two components of the bichromatic RF
Pulse (i) Changing the phase of 100kHz (ii) Changing the phase of 60kHz.

REFERENCES
1) S. R. Rice, Nature 409, 422(2001)
2) R. N. Zare, Science 279, 1875(1998)
3) H. Rabitz R. de Vivie-Riedle, M. Motzkus, and K. Kompa, Science 288, 824(2000)
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Universal reaction rates for ultracold molecular collisions
Paul S. Julienne1 and Zbigniew Idziaszek,2
Joint Quantum Institute, National Institute of Standards and Technology and the University
of Maryland, 100 Bureau Drive, Stop 8423, Gaithersburg, Maryland 20899-8423, USA
2
Faculty of Physics, University of Warsaw, 00-681 Warsaw, Poland
1

Ultracold polar molecules sources are now available, and such molecules offer excellent
prospects for new research directions. It is essential to understand the elastic, inelastic,
and reactive collisions of such molecules in order to control and utilize them effectively.
We offer a simple yet general model of reactive collisions based on the separation of the
collision dynamics into a long-range and a short-range part [1,2]. The long-range region
governs the quantum transmission of the incident de Broglie wave into the short range
region, where reaction occurs. Molecules interacting by the van der Waals interaction,
which varies as −C6 /r6 at large internuclear separation r, are characterized by a length
scale ā on the order of 5 to 10 nm. Reactive chemical dynamics is characterized by a
length scale less than r0 ≈ 1 nm. The wave function in the entrance channel in the region
r0 < r < ā is characterized by two dimensionless parameters y and s representing the
probability of reaction in the short range zone r < r0 and the phase of the reflected wave
from this zone. We find universal collision rate constants in the “black hole” limit y = 1,
for which there is a unit probability of loss from the entrance channel in the short range
zone and no reflected wave back into the entrance channel. In this limit we get universal
low temperature event rate constants, K = 2(h/µ)ā for s-wave collisions for bosons or
unlike fermions, and K = 1513ā3 (kB T /h) for p-wave collisions of identical fermions, where
µ is the reduced mass, T is temperature, and kB is Boltzmann’s constant. With ā = 6 nm
for 40 K87 Rb + 40 K87 Rb collisions, we find good agreement with the recent experimental
measurements of the JILA group [3] for this fermionic species for T below 1 µK, as well
as for collisions of 40 K87 Rb with 40 K atoms.
The model can be readily generalized to the “grey hole” case of y < 1 that allows some
reflected flux back into the entrance channel, in which case the rate constant depends on
both y and the the scattering length of the entrance channel parameterized by s. The
model gives the general complex scattering length for any values of y and s and thus gives
the rate constants for elastic and inelastic collisions. The model can be generalized to
treat collisions in reduced dimensions and to include the effect of an electric field on polar
molecules.
[1]. P. S. Julienne, Faraday Disc. 142, 361 (2009)
[2]. Z. Idziaszek and P. S. Julienne, arXiv:0912.0370.
[3] S. Ospelkaus, K.-K. Ni, D. Wang, M. H. G. de Miranda, B. Neyenhuis, G. Quéméner,
P. S. Julienne, J. L. Bohn, D. S. Jin, and J. Ye, submitted (2009).
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Random Lasing with Cold Atoms
R. Kaiser1
1

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

Atoms can scatter light and they can also amplify it by stimulated emission. From this simple starting point, we examine the possibility of realizing
a random laser in a cloud of laser-cooled atoms. The answer is not obvious as
both processes (elastic scattering and stimulated emission) seem to exclude one
another: pumping atoms to make them behave as an amplifier reduces drastically their scattering cross-section. However, we show that even the simplest
atom model allows the efficient combination of gain and scattering. Moreover,
supplementary degrees of freedom that atoms other allow the use of several
gain mechanisms, depending on the pumping scheme. We thus first study these
different gain mechanisms and show experimentally that they can induce (standard) lasing(1) . We then present how the constraint of combining scattering
and gain can be quantified, which leads to an evaluation of the random laser
threshold( 2, 3, 4) . The results are promising and we draw some prospects for a
practical realization of a random laser with cold atoms.

1

W. Guerin, F. Michaud and R. Kaiser, Phys. Rev. Lett. 101, 093002 (2008).
L. Froufe-Prez, W. Guerin, R. Carminati and R. Kaiser, Phys. Rev. Lett. 102, 173903
(2009).
3 W. Guerin, N. Mercadier, D. Brivio and R. Kaiser, Optics express ,17,14 (2009).
4 W. Guerin, N. Mercadier, F. Michaud, D. Brivio, L. S. Froufe-Prez, R. Carminati, V. Eremeev, A. Goetschy, S. E. Skipetrov, R. Kaiser J. Opt A, to be published (physics/0906.0714)
2
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Cooperative

Radiation Pressure and Disorder

T. Bienaiméa , S. Buxa,b , E. Lucionia,d , K. Lauberb , Ph. Courteillea,b,c , N. Piovellad , R. Kaisera
a INLN,

CNRS and Université de Nice Sophia-Antipolis, Valbonne, France
b Physikalisches Institut, D-72076 Tübingen, Germany.
c Instituto de Fı́sica de São Carlos, Universidade de São Paulo, Brazil.
d Dipartimento di Fisica, Università degli Studi di Milano, Italy

The problem of collective spontaneous emission has recently received growing interest with the study
of single photon superradiance from N two-level atoms prepared by the absorption of one photon
of wave vector k0 ( 1, 2, 3, 4) . Considering the decay of atoms prepared in the ’timed Dicke state’:
|+ik0

N
1 X
√
eik0 ·rj |g1 , g2 , . . . , ej , . . . , gN i,
=
N j=1

(1)

strong forward emission is expected for extended systems (5) , with a cooperative decay rate proportional to N and inversely proportional to the size of the atomic cloud. A description closer to an
experimental situation with laser cooled atoms requires to take into account the incident laser field,
detuned by ∆0 from the atomic line. This leads us to study a steady state regime, where a ’driven
timed Dicke state’ is a convenient description. Going beyond the mere consideration of the light

emission by an atomic ensemble, we will revisit the phenomenon of radiation pressure in a regime
where scattering is dominated by cooperative effects. Cooperative spontaneous emission of a single
photon from a cloud of N atoms can substantially modify the radiation pressure exerted by a laser
beam exciting an extended cloud of atoms. On one hand, the force induced by photon absorption
depends on the collective decay rate of the excited atomic state. On the other hand, directional
spontaneous emission counteracts the recoil induced by the absorption. We derive an analytical
expression for the radiation pressure in steady-state. For a smooth extended atomic distribution
we show that the radiation pressure depends on the atom number via cooperative scattering and
that it can be either suppressed or enhanced(6) . We will discuss the validity of the expression of
the modified radiation pressure force as derived for a continuous density distribution of atoms and
introduce the importance of disorder. We will also present first experimental data showing how the
radiation pressure force is affected by cooperativity and disorder(7) .
1

M. O. Scully, A. A. Svidzinsky, Science, 325, 1510 (2009).
J. H. Eberly, J. Phys. B: At. Mol. Opt. Phys. 39, S599 (2006).
3
R. Friedberg and J. T. Manassah, Phys. Lett. A 372, 2514 (2008); A. A. Svidzinsky and Jun-Tao Chang, ibid.
372, 5732 (2008); R. Friedberg and J. T. Manassah, ibid. 372, 5734 (2008); M. O. Scully and A. A. Svidzinsky, ibid.
373, 1283 (2008).
4
R. J. Glauber, Proceedings of the XXI Int. Conf. on Atomic Physics.
5
A. A. Svidzinsky, J.-T. Chang, and M. O. Scully, Phys. Rev. Lett. 100, 160504 (2008).
6
Ph. Courteille, S. Bux, E. Lucioni, K. Lauber, T. Bienaimé, R. Kaiser, N. Piovella, submitted
7
T. Bienaimé, S. Bux, E. Lucioni, Ph. Courteille, N. Piovella, R. Kaiser, in preparation
2
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Quantum Simulation with Bose-Einstein Condensed
Atoms and High Finesse Optical Cavities
Hui-Chun Chien, Nick Cizek, Jongmin Li, Mike Minar, Igor
Teper, Geert Vrijsen, and Mark Kasevich
Departments of Applied Physics and Physics, Stanford University, Stanford,
CA 9405

Recent experimental work will be presented illustrating how Bose-Einstein condensed
atoms can be used to investigate condensed matter systems. Systems studied include (i)
attractively interacting quasi-1D systems, where a novel phase transition is observed as
the system is evaporatively cooled into the quasi-1D regime, and (ii) layered 2D
superfluid systems, where a KBT – 3Dxy crossover is observed as the interlayer
tunneling and temperature are tuned. The former system has analogies with superluminescent optical sources, while the later is considered relevant to superconductivity
in the cuprates. Finally, we will show how the non-linearity in atom/high finesse
optical cavity systems can be exploited for quantum simulation. We demonstrate this
capability by experimentally demonstrating a macroscopic quantum self-trapping
(superfluid/insulator) transition.
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Topological Quantum Information Theory
Louis H. Kauffman, Department of Mathematics
851 South Morgan Street
University of Illinois at Chicago
Chicago, Illinois 60607-7045
<kauffman@uic.edu>
and
Samuel J. Lomonaco Jr.
Department of Computer Science and Electrical Engineering
University of Maryland Baltimore County
1000 Hilltop Circle, Baltimore, MD 21250
<lomonaco@umbc.edu>
This talk is an introduction to relationships between quantum topology and
quantum computing. In this paper we discuss unitary solutions to the YangBaxter equation that are universal quantum gates, quantum entanglement
and topological entanglement, and we give an exposition of knot-theoretic
recoupling theory, its relationship with topological quantum field theory and
apply these methods to produce unitary representations of the braid groups
that are dense in the unitary groups. Our methods are rooted in the bracket
state sum model for the Jones polynomial. We give our results for a large class
of representations based on values for the bracket polynomial that are roots of
unity. We make a separate and self-contained study of the quantum universal
Fibonacci model in this framework. We apply our results to give quantum
algorithms for the computation of the colored Jones polynomials for knots and
links, and the Witten-Reshetikhin-Turaev invariant of three manifolds.
In quantum computing, the application of topology is most interesting
because the simplest non-trivial example of the Temperley–Lieb recoupling
Theory gives the so-called Fibonacci model. The recoupling theory yields representations of the Artin braid group into unitary groups U (n) where n is a
Fibonacci number. These representations are dense in the unitary group, and
can be used to model quantum computation universally in terms of representations of the braid group. Hence the term: topological quantum computation.
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Superconductivity mediated by a Bose-Einstein condensate of excitonpolaritons
Alexey Kavokin1, Fabrice Laussy1 and Ivan Shelykh2
1
Physics and Astronomy School, University of Southampton, Highfield, Southampton, SO171BJ, UK
2
Science Institute, University of Iceland, Dunhagi 3, IS-107, Reykjavik, Iceland
An exciton mechanism for superconductivity in metal-semiconductor heterostructures was
introduced in the 70's by Allender-Bray-Bardeen [1]. Within this mechanism, free electrons from a
metal scatter with the valence band electrons in a semiconductor forming virtual excitons that
quickly recombine returning their momenta to the electronic system in the metal. The effective
Debye temperature in this case is two orders of magnitude larger than for the phonon mechanism of
superconductivity. On the other hand, the probability of second order scattering processes involving
a virtual exciton is generally low. This explains the absence of conclusive evidence for
superconductivity at high temperatures mediated by the electron-exciton interaction.
Here we propose a new approach for increasing the efficiency of the exciton mechanism by
orders of magnitude, by making use of the Bose-Einstein condensate of exciton-polaritons created in
a semiconductor microcavity operating in the strong coupling regime of the light-matter interaction
[2]. One suggested device structure includes a heavily n-doped quantum well (QW) inserted between
two undoped QWs embedded in a microcavity (Figure 1).
Exciton-polaritons are formed due to the strong coupling between optical modes in the
microcavity and excitons in the undoped QWs. Under resonant optical pumping of the microcavity, a
condensate of N0 exciton-polaritons is then generated. We show that the strength of Coulomb
scatterings between electrons in the doped QW and the Bose condensate increases as the square root
of the occupation number N0 of the condensate, thereby providing a stronger attractive interaction
for electron pairing. With enhanced stability of Cooper pairs, the critical temperature of
superconductivity should be improved. If our predictions were confirmed, superconductivity could
be achieved at high temperatures, since Bose condensates of exciton-polaritons are readily
achievable at room temperature in wide band gap semiconductors such as GaN and ZnO.

Figure 1. Scheme of the proposed microcavity structure comprising an n-doped QW sandwiched
between two undoped QWs where the Bose-Einstein condensate of exciton polaritons will be created
by resonant optical pumping (left). Calculated critical temperature of superconductivity as a
function of the density of the exciton-polariton condensate in a model microcavity structure (right).
[1] D. Allender, J. Bray, and J. Bardeen, Phys. Rev. B 7, 1020 (1973).
[2] J. Kasprzak et al., Nature 443, 409 (2006), Bose-Einstein condensation of exciton polaritons.
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INTELLECTUAL PROPERTY
Peter D. Keefe
Keefe and Associates
24405 Gratiot Avenue
Eastpointe, MI 48021 USA
PDK@PatentApplication.com
There are four forms of Intellectual Property: Patents, Copyrights, Trademarks and Trade
Secrets.
Patents: Patents serve to protect inventions. An invention is a new idea which has been
developed to the point that the inventor has a clear understanding of how to make and use the
idea. A patent is a government issued grant that entitles the inventor to exclude others from
making, using or selling an invention. A patentable invention must be one of: a machine, a
manufacture, a composition or a method thereof. To obtain a patent, a formal application must be
filed with the U.S. Patent & Trademark Office, which is then examined to ascertain if the
disclosure is enabling and whether anyone else has previously described, made or suggested the
invention. Two common kinds of patents are: “utility” for inventions which have structure and
function, the duration of which is 20 years from the date of filing; and “design” for inventions
which have ornamental functionality, the duration of which is 14 years from the date of issuance.
Trademarks: Trademarks serve to protect a distinctive name or symbol (“mark”)
connected with the commercial sale of goods and/or services. Trademarks serve to indicate the
source of the goods or services, and thereby clearly distinguish from the goods or services of
others. A trademark is created as soon as the mark is used in connection with the sale of goods
and/or services. Registration is not required, but is recommended and is necessary to institute a
suit. Registration can be at the state or federal level.
Copyrights: Copyrights serve to protect artistic expression of authorship, including for
example writings; drawings, paintings and sculptures; lyrics and musical scores; etc. A copyright
is created as soon as the expression of authorship is "fixed"; for example, when a writing is put
onto paper. The Berne Convention does not require notice of copyright to be affixed for works
created since date of its adoption (Spring of 1989). Registration with Register of Copyrights,
Library of Congress is necessary to institute a suit.
Trade Secrets: Trade Secrets serve to protect any valuable and secret information. A
trade secret is created as soon as the information is thought of. Trade secrets are protected under
state law, and have life until the information is either voluntarily disclosed to someone not under
a duty of secrecy or someone discovers the information independently.
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QUANTUM MECHANICS AND THE SECOND LAW OF THERMODYNAMICS:
CAN A SUPERCONDUCTOR HEAT ENGINE BREAK THE LAW?
Peter D. Keefe
University of Detroit Mercy
24405 Gratiot Avenue
Eastpointe, MI 48021 USA
PDK@Keefengine.com
It has been shown [1-4] that the magneto-caloric effect, adiabatic phase transition of a
particle dimensioned Type I superconductor specimen having a cross-section less than the
Pippard range of coherence, ξ(T), is characterized by a decrease in entropy, suggesting a quantum
limit to traditional formulations of the Second Law. J. Bardeen [5] proposed that such a particle
dimensioned phase transition process may experience superheating of the critical magnetic field
sufficient to render the process isentropic. A.B. Pippard [6] proposed an hysteresis mechanism of
the critical magnetic field which yields a prediction fatally different from the prediction of J.
Bardeen. In this paper, it is shown that the Bardeen and Pippard hysteresis mechanisms are
mutually exclusive and hysteresis in the critical magnetic field is not an impediment to decrease
in entropy during the adiabatic phase transition.

[1] Entropy, V. 6, pp. 116-127, (03/2004).
[2] Journal of Modern Optics, V. 50, No. 15-17, pp. 2443-2454, (10-11/2003).
[3] AIP Conference Proceedings No. 643, pp. 213-218, (09/2002).
[4] United States Patent 4,638,194, (01/20/1987).
[5] J. Bardeen, Univ. of Illinois, Urbana, IL, private communication to the author, 3/25/1987.
[6] Phil. Mag. 43 (1952) 273.
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Using non-linear Raman amplification in a plasma to increase
laser power and improve coupling to fusion targets at large
laser facilities
R. K. Kirkwood, Y. Ping, S. C. Wilks, P. Michel, N. Meezan, E. A. Williams, L. Divol,
O. L. Landen, L. J. Suter LLNL
N. J. Fisch, V. M. Malkin, E. O. Valeo, S. Suckewer, D. Turnbull, Princeton University
J. Wurtele, UC Berkeley/LBL
T. L. Wang, C. Joshi, W. Mori, UCLA
We are studying plasma amplification of high intensity light with ns duration laser
pulses as is relevant to the amplification of SRS backscatter in ignition experiments and
also may be capable of increasing the power in beams with a duration of ~ 1 ps or less.
The amplification process is compatible with a high plasma temperature that will coexist
with >100 kJ of total pump energy, and low densities where the wave will be strongly
damped. In one potential application, this plasma amplification process can be used to
dramatically increase the beam power and intensity by interaction of a ns pump beam of
low focal quality with a ~ ps duration, higher quality, seed, in a several cm long plasma
where much of the pump energy is transferred to the seed, even when the spatial gain rate
is low (0.1/mm). The plasma conditions and seed pulse duration are also relevant to
studying the non-linear physics of the low gain amplification of SRS backscatter by the
crossing beams in fusion ignition targets. In particular the short seed pulse duration
allows the study of the non-linear response of the Langmuir wave on the time scale of the
electron kinetic saturation that will occur when kDebye is higher, while avoiding the
secondary ion wave decays that could affect SRS on the ns time scale at the this kDebye
[1,2]. We describe experiments in a < 3 mm long plasma, created by a 200 J, 1ns pump
beam, which has kDebye ~ 0.4. A frequency shifted seed beam (<~ 10 mJ, 0.5 – 3.7 ps) is
introduced and observed to be amplified by a factor of as much as ~ 62 x when its energy
is low [3]. We will also describe studies of the beam quality that show that energy from
a low f/number (f/10) pump beam can be converted to a higher f/number amplified seed
(~f/25) by amplifying it and maintaining its its angular divergence, and focal quality,
provided the pump intensity is sufficiently low to avoid plasma filamentation by the
pump beam [4]. Data will be presented showing the scaling of amplified seed energy
with input seed energy and pump intensity in this regime and discuss evidence that the
amplification is reduced or saturated by electron kinetic non-linearity under these
conditions. The relevance to ignition experiments and potential applications to the
production of high power, high intensity, short pulse beams at present laser facilities will
also be discussed.
[1] R. K. Kirkwood, Phys. Rev. Lett. 77, 2706 (1996).
[2] R. K. Kirkwood et al., Phys. Rev. Lett. 83, 2965 (1999).
[3] R. K. Kirkwood, et al, Physics of Plasmas, 14, 113109 (2007).
[4] Y. Ping, et al, submitted to Physics of Plasmas.
This work performed under the auspices of the U.S. Department of Energy by Lawrence
Livermore National Laboratory under Contract DE-AC52-07NA27344.
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Study of ions interactions in solids by means of EIT
Rinat Akhmedzhanov1, Alexander Bondartsev1, Valerii Chernov1,
Lev Gushchin1 and Olga Kocharovskaya2,1
1

Institute of Applied Physics of Russian Academy of Sciences,
46 Ulyanov Street, Nizhny Novgorod, 603950, Russia
2
Texas A&M University, College Station, Texas 77843-4242, USA
We report the first demonstration of EIT at the transitions of the rare-earth ions dimmers in
dielectric crystal and show its high potential for studies of ions interactions.
Ion interactions typically result in the appearance of so-called satellite lines in the optical
fluorescence and absorption spectra of rare-earth doped crystals at active ion density on the
order of 0.1 at.% at liquid helium temperatures. These satellite lines are within a few cm-1 of the
isolated ion lines and are 2-4 orders of magnitude less intense. The inhomogeneous broadening
of these lines is typically quite big on the order of 10GHz. Therefore interactions leading to
small level splitting cannot be studied with the methods of linear laser spectroscopy.
The method of electron paramagnetic resonance (EPR) is frequently used for studies of these
structures. A major advantage of the double optical resonance (DOR) technique as compared to
EPR is the direct correlation between the specific satellite line and its structure, which allows
investigation of the different mechanisms of interaction for the same ion pair. Another advantage
of DOR technique is the possibility of studies the interaction between ions both in the ground
and excited states.
In this work we analyze the origin of the satellite lines accompanying the 4 I 9/2- 4G 5/2 transition
of an isolated Nd3+ ions in LaF3 crystal and show that these satellites are caused by ion exchange
interaction. The structure of the satellite lines hidden by inhomogeneous broadening is studied
by means of the double optical resonance technique. Both EIT and hole-burning resonances are
observed and the fine structure of the satellite lines, hidden by the inhomogeneous broadening, is
revealed. Various ion interactions mechanisms which may be responsible for the observed
structure are discussed.
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Analytical solution for BEC critical phenomena
V.V. Kocharovsky1,2 and Vl.V. Kocharovsky2
1

Department of Physics, Texas A&M University, College Station, Texas 77843-4242
2
Institute of Applied Physics RAS, Nizhny Novgorod 603950, Russia

Abstract
We find analytical solution for the universal structure and scaling of the
thermodynamic and statistical properties of the Bose-Einstein condensation
(BEC) phase transition in the ideal gas. The solution describes a mesoscopic
canonical-ensemble ideal gas in a trap with arbitrary number of atoms, any
volume, and any temperature, including the whole critical region.
We identify a universal constraint-cut-off mechanism that makes BEC
fluctuations strongly non-Gaussian and is responsible for all unusual critical
phenomena of the BEC phase transition in the ideal gas. The obtained results for
the order parameter, all higher-order moments of BEC fluctuations, and
thermodynamic quantities perfectly match the known asymptotics outside the
critical region for both, low and high, temperature limits. We explain why a
standard analysis based on a grand canonical ensemble approximation in the
thermodynamic limit was unable to resolve the universal behavior and fine
structure of the BEC phase transition.
We demonstrate that the critical exponents and a few known terms of the
Taylor expansion of the universal functions, which were calculated previously
from fitting the finite-size simulations within the phenomenological
renormalization-group theory, can be easily obtained from the presented full
analytical solutions of the mesoscopic BEC as certain approximations in the
close vicinity of the critical point.
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Single and Two-Photon Scattering on a Ladder-type
Atom in 1D Waveguide
Pavel Kolchin*, Rupert Oulton, Xiang Zhang
NSF Nano-scale Science and Engineering Center, 3112 Etcheverry Hall, University of California, Berkeley CA 94720
Author email address: pkolchin@berkeley.edu

Abstract: We study single photon and two-photon scattering on a ladder-type atom
coupled to one dimensional waveguide. We show that in the presence of a strong
coupling beam the optical transition line changes from completely reflective to
transparent for a single photon. Under the condition that both transitions are strongly
coupled to a waveguide mode, we show that the scattered bi-photons interfere strongly
with the input bi-photon state, resulting in strongly correlated directional two-photon
transport.
Single photon transport and interaction utilizing strong coupling regimes in quantum optics has
attracted a lot of attention recently. Strong coupling can be realized, for example, in a cavity QED or in a
dense atomic cloud under EIT condition. More recently it has been shown that strong coupling can be also
achieved on a single two-level atom in one-dimensional waveguide [1, 2]. In this paper we analyze single
photon and two-photon scattering on a single ladder-type atom in a waveguide, under the condition that
either one or both non-degenerate transitions are strongly coupled to a waveguide mode. The schematic of
the photon scattering processes and the energy level diagram are shown in Fig. 1. The ladder configuration
allows us to implement an EIT-type single photon switch on a single atom as shown in Fig. 1(b, d). We also
analyze two-photon transport properties [Fig. 1(c, e)]. When both transitions are strongly coupled to a
waveguide mode, we show that strong interaction of input single photons results in the forward scattering
of photon a on the condition that a transmitted photon b is detected.
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Fig. 1: Single photon and two-photon scattering on a single ladder-type atom coupled to one dimensional waveguide.
(a) Schematics of the system. (b) Energy level diagram for EIT on a single atom; strong coupling beam in resonance
with the |2〉→|3〉 transition creates transparency for a single photon ain (c) Energy level diagram for the two photon
scattering process. (d) Single photon transmission across the resonance |1〉→|2〉 line. (e) The two-photon intensity
correlations between transmitted control photon bt(t1) and transmitted and reflected photons at(t2) and ar(t2).

References:
[1] J. T. Shen and S. Fan, “Coherent photon transport from spontaneous emission in one-dimensional waveguides,” Opt. Lett. 30, 15

(2005).
[2] J. T. Shen and S. Fan, “Strongly Correlated Two-Photon Transport in a One-Dimensional Waveguide Coupled to a Two-Level
System,” Phys. Rev. Lett. 95, 213001 (2007).
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NONLINEAR DYNAMICS OF PHOTONIC CIRCUITS:
THE CASE OF TUNABLE OSCILLATORS
VASSILIOS KOVANIS
SENSORS DIRECTORATE, 2241 AVIONICS CIRCLE, WRIGHT PATTERSON AFB, OHIO 45433-7320

1. Abstract
In this talk I will cover legacy theoretical findings on optical injected diode lasers. Phenomena such
as Hopf bifurcations, Period doubling even Chaos will reviewed using discrete devises. Also potential
applications such as highly tunable low noise oscillators will be covered 1. Then I will turn my attention
to two section quantum dot lasers to cover mode locking dynamics as well reconfigurable quantum dot
monolithic multi-section passive mode-locked lasers. It is expected that future photonic integrated circuits
such the simple ones described in this work may be key building blocks on future Lidar on a Chip
systems that significantly reduce the laser radar system size, cost, and weight, as well as allow for dramatic
frequency and waveform agility. This type of technology solution using quantum dot photonic interacted
circuits will enable the development of small-scale seeker systems such as small unmanned aerial vehicles
for urban operations and sensing2.

1
Dynamic behavior of an injection-locked quantum-dash Fabry-Perot laser at zero-detuning
Pochet, M; Naderi, N A; Terry, N; Kovanis, V; Lester, L F, Optics Express, Vol. 17 Issue 23, pp.20623-20630 (2009)
2
Reconfigurable quantum dot monolithic multisection passive mode-locked lasers Xin, Y C; Li, Y; Kovanis,
Vassilios; Gray, A L; Zhang, L; Lester, L F, Optics Express, Vol. 15 Issue 12, pp.7623-7633 (2007)

1
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Collision dynamics of molecules and rotational excitons
in an ultracold gas conned by an optical lattice
Z. Li, F. Herrera, M. Litinskaya, R. V. Krems
Department of Chemistry, University of British Columbia, Vancouver, B.C. V6T 1Z1, Canada

This talk will focus on two problems: (i) inelastic collisions of ultracold molecules conned by
optical forces; and (ii) dynamics of rotational excitons in an optical lattice of ultracold polar molecules.
Optical laser forces can be used to restrict the motion of ultracold particles in one dimension to produce
a quasi-2D gas. This presentation will discuss the general features of inelastic scattering and chemical
reactions in ultracold quasi-2D gases of molecules. We will demonstrate that the cross sections for
inelastic and chemically reactive collisions are suppressed by the connement forces. This suppression
is generally more signicant than the eect of the laser connement on the probability of elastic
scattering. The elastic-to-inelastic collision ratios are therefore enhanced in the presence of a laser
connement. Our results thus suggest that applying laser connement in one dimension may stabilize
ultracold systems against reactive collisions. The presentation will show that the threshold energy
dependence of cross sections for both elastic and inelastic collisions in quasi-2D gases can be tuned
by varying the laser connement forces and an external magnetic eld. Optical laser forces can also
be used to generate periodic lattices of ultracold molecules. Rotational excitation of molecules in the
lattice gives rise to rotational excitons. Here, we show that a combination of an optical connement and
an external dc electric eld can be used to induce scattering resonances in collisions of the rotational
excitons with lattice impurities. These resonances are analogous to Feshbach resonances in atomic
collisions. An external electric eld can be used to control dynamics of the rotational excitons, leading
to localization of excitons by multiple collisions with impurities. The system of ultracold molecules
described in this talk may thus be used for the detailed study of fundamental physical phenomena such
as Anderson loclaizations.

Figure 1: The ratio of probabilities for inelastic collisions of Li and Rb atoms conned in a 1D optical
lattice as a function of temperature and the conning potential strength. Dotted curve: T = ~w.
References: Z. Li, S. Alyabyshev, and R. V. Krems, Phys. Rev. Lett. 100, 073202 (2008).
space
Z. Li and R. V. Krems, Phys. Rev. A. 79, 050701(R) (2009).
space
Z. Li, to be published in Phys. Rev. A (2010).
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Selfconsistent Transport Theory of Diffusive Random Lasers
Regine Frank, Andreas Lubatsch and Johann Kroha
Physikalisches Institut, Universität Bonn, 53115 Bonn, Germany
http://thp.uni-bonn/kroha
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Despite substantial, mostly numerical investigations, the physics of three-dimensional, homogeneously disordered random lasers bears intriguing, open problems. The conditions for transport
and localization and, in particular, the origin of confined spacial regions from which laser
radiation is emitted (“lasing spots”) as well as the dependence of their size on the pump rate,
have remained poorly understood.
We present a semi-analytic transport theory for light propagating diffusively, in a random, lasing
medium, including resummation of self-interference (“Cooperon”) corrections. The diffusion
coefficient is strongly renormalized by the non-linear gain rate. The latter is obtained from the
local laser rate equations which, in turn, are controlled by loss channels due to diffusion and
surface losses. This leads to a mutual feedback between light transport and amplification. In the
stationary lasing state, the volume gain is compensated by surface losses. We solve the resulting
surface boundary condition problem to obtain an analytical equation for the average lasing spot
size. The full spatial intensity profile of lasing spots is obtained numerically in dependence of the
pump rate. We show that the lasing spot size is closely related to the requirement of causality
within a coherent lasing mode. The results are in qualitative agreement with experimental findings.
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Multiplasmon processes in enhanced laser fields
Norbert Kroó*, Sándor Varró, Péter Dombi, Győző Farkas,
Miklós Lenner and Péter Rácz
Research Institute for Solid State Physics and Optics of the Hungarian Academy of Sciences
H-1525 Budapest, P. O. Box 49, Hungary, *E-mail: kroo@office.mta.hu
Abstract. Nonlinear electron emission processes in large surface plasmon fields have been studied
experimentally in SPO near field STM at surface points of SPO localization and with high intensity
femtosecond laser excited SPO mediated electron emission, and interpreted theoretically. The
theoretical analysis of our data, based on our model gives a reasonably good explanation and qualitative
agreement with both sets of our experimental results.

Two different types of experiments were performed. In the first one a surface plasmon (SPO)
near field scanning tunneling microscope (STM) was used. Rectified STM signals were observed at
spots of a gold film, where the SPOs were localized, leading to extremely high electric fields even at
3
low (~1mW) exciting laser powers. The laser beam was focussed to get ~10 V/cm fields on the gold
surface. The signals do not disappear at zero STM bias, even at zero laser power. Measuring these
signals at different, from positive to negative biases, the value of the effective field at the tungsten tip
6
side could be estimated and turned out to be of the order of 10 V/cm. We measured the change of the
STM signal during the presence of the 30μs laser pulse excited SPOs. It can be interpreted with the
help of our surface plasmon induced oscillating double layer model, published earlier [1]. The value of
the SPO enhanced effective field [2,3] acting on the electron between tip and surface could also be
evaluated from the data. Potential options are also given to explain the non-zero STM signal when the
bias on it is zero and when the exciting laser power is extrapolated to zero value.
In the second type of experiments 50fs Ti:Sa laser pulses were used to excite SPOs in the
Kretschmann geometry. The process turned out to be of 4th order, i.e. minimum 4 plasmons are
needed to overcome the work function and deliberate a photo(plasmo)electron from the gold surface.
The spectrum of these SPO mediated electrons, emitted into vacuum from the same gold surface as
10
2
12
above, was analized by using the time-of-flight method. Relatively lower (10 W/cm ) to higher (10
2
W/cm ) laser intensities were used and electrons from the eV to keV energy range were observed.
The model of [1] is capable to explain qualitatively these observations too, and the analytic formula,
derived from this model, is in a quite good agreement with the experimental data. According to our
recent theoretical analysis [4], in line with these observations based on the huge SPO field
enhancement, the possibility, that the emitted electrons come out from the surface in attosecond pulse
trains, due to the interference of the higher order above-threshold de Broglie waves at the metal
surface, even in the case of the used relatively moderate incoming laser intensities, deserves more
detailed considerations.
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Coherent interactions in rare earth ion doped crystals for quantum
memory and quantum computer development
Stefan Kröll, Atia Amari, Felix Beaudoin, Brian Julsgaard, Huang Maomao, Lin Nan,
Lars Rippe, Mahmood Sabooni, Andreas Walther and Ying Yan
Dept of Physics, Lund University, Box 118, S-221 00 Lund, Sweden

Mikael Afzelius, Imam Usmani, Björn Lauritzen, Christoph Simon, Nicolas Sangouard,
Jirí Minár, Hugues de Riedmatten, Nicolas Gisin
Group of Applied Physics, University of Geneva, CH-1211 Geneva 4, Switzerland

Alexey Kalachev
Zavoisky Physical-Technical Institute of the Russian Academy of Sciences, Sibirsky Trakt 10/7, Kazan,
420029, Russia

Solid state materials with coherence times longer than a second [1] not only offer unique
opportunities for investigating coherent light-matter interactions, but also for the
construction of useful quantum devices.
We report the development of single
photon quantum memories (storage and
recall of weak coherent pulses with ~ 0.1
photons/pulse) with an efficiency of 25%
[2]. In these materials arbitrary spectral
structures for processing input pulses can
be created [3]. We show polarization
sensitive semi-permanent (>10 seconds)
slow light structures [4] with high delay
bandwidth products. We will describe
arbitrary single qubit operations with full
quantum state tomography with fidelities
well above 90% [5] and how to carry our
laser-frequency stabilization by using
spectral holes in rare-earth-ion-doped
crystals (Fig. 1) instead of external FabryPérot cavities [6].
Fig 1. The dye laser is frequency stabilized
to a rare earth crystal in the cryostat (upper
right corner)
[1] Dynamic decoherence control of a solid-state nuclear-quadrupole qubit, E Fraval, M J Sellars, & J J
Longdell, Phys. Rev. Lett., 95, 030506 (2005)
[2] “Storage and recall of weak coherent optical pulses with an efficiency of 25%“, M Sabooni, F
Beaudoin, A Walther, N Lin, A Amari, M Huang and S Kröll, manuscript in preparation.
[3] “Slow light with persistent holeburning”, R N Shakhmuratov, A Rebane, P Megret, and J Odeurs, Phys.
Rev. A 71, 053811 (2005)
[4] “Experimental superradiance and slow-light effects for quantum memories”, A Walther, A Amari, S
Kröll and A Kalachev, Phys. Rev. A80, 012317 (2009)
[5] “Experimental quantum state tomography of a solid state qubit”, L Rippe, B Julsgaard, A Walther, Yan
Ying, S Kröll, Phys Rev A77, 022307 (2008)
[6] "Understanding laser stabilization using spectral hole burning", B. Julsgaard, A. Walther, S. Kröll and
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A radio-frequency based integrated atom interferometer and the 1d Bose gas
P. Krüger
Midlands Ultracold Atom Research Centre, School of Physics & Astronomy,
University of Nottingham, Nottingham NG7 2RD, United Kingdom

Microfabricating metallic structures onto semiconductor surfaces allows to manipulate cold atoms in complex
trapping geometries in the vacuum only microns away from the surface. Numerous tools have been developed
for preparation, manipulation and detection of atoms in such integrated atom chip circuits. Micro-engineering
of static magnetic [1–3] and electric [4] fields facilitates shaping local trapping environments for (ultra)cold
atoms in virtually arbitrary ways. More recently, the addition of AC fields, in the optical [5], microwave [6],
and radio-frequency (rf) [7] has increased the scope of fundamental experiments and applications.
Here, we focus on the use of rf fields to shape and dynamically alter the micro-trapping environments. We
introduce the concept of a coherent matterwave beam splitter that is integrated on an atom chip. This beam
splitter is based on coupling different spin states of the atoms in such a way that a smooth splitting of a trap
into a double well can be achieved for dressed states. We show that this method can be used as a building block
for an atom interferometer [7] and discuss applications.

−100
0
100
Position (µm)

FIG. 1: (left) Interference pattern formed by two time-of-flight expanded degenerate 1d Bose gases at low (high)
temperature T [top (bottom)]. (center) Fourier transforming the images visualizes the density distribution of the whole
cloud (left) and the interfering part (right). (right) Gaussian fits model the data well and show that the interfering
ground state population (dashed line) expands independent of T while the thermal cloud (solid line) is wider for the
higher T (bottom). At low T both widths are equal, so that kT < ~ω⊥ can be inferred.

As an example application, we will focus on studies of one-dimensional (1d) Bose gases utilizing chip based
atom interferometry. When the temperature and chemical potential of a Bose gas are comparable to, or even
smaller than, the transverse trap excitation frequency (kT, µ . ~ω⊥ ), a distinction of (quasi)condensate and
thermal fraction of the gas are no longer as straightforward as in the usual three dimensional (3d) environment.
The 1d gas does not exhibit a clear bimodal structure that has become the hallmark signature of quantum
degeneracy in 3d Bose-Einstein condensation. Rf interferometry helps in the 1d case as it allows for a distinction between coherent, i.e. interfering, condensed fraction from the thermal cloud (Fig. 1). Furthermore,
this interferometric technique provides means to perform thermometry of 1d systems to kT < ~ω⊥ and to test
thermalization through binary elastic collisions of the gas in this regime.
Finally, we describe routes to extend our experiments to multiply connected topologies where homogenous oneand two-dimensional systems with periodic boundary conditions can be realized in rf dressed state environments.

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

R. Folman, P. Krüger, J. Denschlag, C. Henkel, and J. Schmiedmayer, Adv. At. Mol. Opt. Phys. 48, 263 (2002).
J. Reichel, Appl. Phys. B: Lasers Opt. 74, 469 (2002).
J. Fortágh and C. Zimmermann, Rev. Mod. Phys. 79, 235 (2007).
P. Krüger, X. Luo, M. W. Klein, K. Brugger, A. Haase, S. Wildermuth, S. Groth, I. Bar-Joseph, R. Folman, and
J. Schmiedmayer, Phys. Rev. Lett. 91, 233201 (2003).
[5] D. Gallego, S. Hofferberth, T. Schumm, P. Krüger, and J. Schmiedmayer, Opt. Lett. 34, 3463 (2009).
[6] P. Boehi, M. F. Riedel, J. Hoffrogge, J. Reichel, T. W. Hänsch, and P. Treutlein, Nat. Phys. 5, 592 (2009).
[7] T. Schumm, S. Hofferberth, L. M. Andersson, S. Wildermuth, S. Groth, I. Bar-Joseph, J. Schmiedmayer, and
P. Krüger, Nat. Phys. 1, 57 (2005).
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Waveform Synthesis using Frequency Combs
Generated by Molecular Modulation
Andy Kung1,2
1

Institute of Photonics Technologies, National Tsing Hua University, Hsinchu,
Taiwan
2
Institute of Atomic and Molecular Sciences, Academia Sinica, Taipei 10617,
Taiwan
E-mail: akung@pub.iams.sinica.edu.tw
Abstract

The synthesis of periodic waveforms consisting of a periodic train of pulses using Raman
sidebands generated by molecular modulation in H2 will be described.[1-4] We verify by
optical correlation that the carrier-envelope phase is constant in these waveforms when
they are synthesized from commensurate sidebands.[5] We demonstrate control of the
carrier-envelope phase of ultrashort periodic waveforms by generating the comb with a
beam at a fundamental frequency plus its second harmonic. Heterodyne measurements
show that full inter-pulse phase-locking of the comb components is realized.[6] The results
set the stage for the synthesis of any specified periodic waveforms in the femtosecond and
sub-femtosecond regime with full control.[7]
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[2] J. Q. Liang, M. Katsuragawa, Fam Le Kien, and K. Hakuta, Phys. Rev. Lett. 85, 2474
(2000).
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243602 (2008).
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Parametric Delay Dispersion Tuner
Takayuki Kurosu and Shu Namiki
Network Photonics Research Center, National Institute of Advanced Industrial Science and Technology (AIST),
Tsukuba Central 2, 1-1-1 Umezono, Tsukuba, Ibaraki, 305-8568, Japan
Phone: +81-29-861-5508, Fax: +81-29-861-5259, e-mail: t.kurosu@aist.go.jp

Abstract: By accurate dispersion control using cascaded parametric processes, we realized a
continuous and uniform delay of 22nsec over a 1THz signal band, exceptionally wideband ever reported.
Recently, we proposed a novel device realizing a simultaneous yet independent control of the delay and
the dispersion over a wide band [1]. Fig.1 shows the operating principle of the novel device, which we call
‘Parametric Delay Dispersion Tuner (PDDT)’. Here, the input signal passes three dispersive media,  m (i=0,1,2),
experiencing spectral inversion (SI) through the process of wavelength conversion twice. We cancel both the
effective second order dispersion, D eff , and the effective third order dispersion (TOD) by selecting proper
combination of fibers and conversion wavelengths in order to realize dispersion compensation for wideband
optical signals. We start with the conversion wavelengths at which, D eff ( 1 ,  2 ) = 0. In the approximation
ignoring the terms higher than TOD, D eff , and the delay T at the slightly shifted wavelengths
( 1  1 , 2  2 ) are given as
 Deff

 T


    31 L1

   1  L
  2 1 1

 32  L2  1 


 22  2 L2  2  .

(1)

Eq. (1) shows that the delay and the dispersion can be controlled simultaneously and independently. For
example, we can tune the dispersion while fixing the delay. Eq. (1) also shows that T is independent on the
in-band frequency offset,  to the first order, promising wide bandwidth of PDDT.
We demonstrated wide band operation of PDDT using 2.6ps optical pulses from a fiber mode-locked
laser. First, PDDT successfully reproduced a waveform that was almost same as the input pulse with excellent
quality allowing error free data transmission at 43Gbps. Next, as shown in fig.2, we confirmed a uniform delay
of 22ns over 1 THz signal band in good agreement with the theory. The results suggest the usefulness of PDDT
in the WDM applications. If necessary, the output wavelength can be same as the input one by employing
another SI [2].
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Alignment, Rotation and Spinning of Plasmonic Nanoparticles Using Polarization
Dependent Optical Forces
Lianming Tong, Vladimir D. Miljković and Mikael Käll*
Department of Applied Physics, Chalmers University of Technology, 412 96 Göteborg, Sweden
Despite their high reflectivity and small size,
plasmonic nanoparticles can be readily trapped
by a highly focused laser beam [1-4]. The
behavior of the trapped particles, such as the
orientation, stability and interparticle interaction
within the optical potential well, sensitively
depends on the particle characteristics as well
as on the beam parameters. In particular, we
found that elongated nanoparticles and
nanostructures trapped by a NIR Gaussian
beam orient themselves if subject to linearly
polarized laser illumination. If the polarization
is rotated (by turning a half-wave plate), the
particles follow up to frequencies of the order
of a few Hz. Elongated Ag nanoparticles (Fig
1A) and dimers of Au spheres (Fig 1b) orient
themselves parallel to the laser polarization
whereas Ag nanowires (Fig 2a) acquire a
perpendicular orientation. These differences
can be understood from the different local field
strengths generated in the different polarization
configurations (Fig 2b). What is more, when
trapped by a circularly polarized laser beam,
elongated particles spin spontaneously due to
the optical torque originating from angular
momentum transfer. [5]. Changing from R to L
circular polarization causes the particles to
spin in opposite directions while a variation of
the degree of ellipticity can be used to control
the magnitude of the torque.

the nanoscale. Polarization dependent optical
forces also offers an interesting insight into
colloidal dynamics. This is illustrated in Fig. 3,
which shows dimer spectra fluctuating due a
varying interparticle distance determined by a
combination of optical binding, Coulomb
repulsion and Brownian motion.

Figure 2. Alignment and rotation of a silver nanowire. Darkfield images (a) and DDA simulation of the induced field
under plane wave irradiation (b).

Figure 3. Dynamic dark-field
scattering spectra and images
of a dimer trapped by a NIR laser beam. Left: Dark-field
scattering spectra. Cycle time: 170 ms. Right: Dark-field
images. Time interval: 42 ms.
Figure 1. Alignment and rotation of an elongated Ag
nanoparticle and a dimer of two 80 nm gold nanoparticles.

Polarization dependent optical trapping and
manipulation is interesting as a means of
precise construction of individual nanoscale
architectures (see e.g. Fig 2a) while
measurements of spinning properties might be
used as a probe of viscoelastic parameters at
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Measurement of Octave-spanning Raman Generated
Ultrafast Pulses
Chao-Kuei Lee1* and A. H. Kung2
1

Department of Photonics, National Sun-Yat-Sen University, Kaohsiung 804, Taiwan
2
Institute of Optoelectronic, National Tsing-Hua University, Hsinchu, Taiwan
Telephone:+886-75252000 ext:4474, Fax:+886-75254499, Email: chuckcklee@yahoo.com

Abstract: In this article, linear cross-correlator is proposed to characterize Octave-spanning electric
field generated by Raman sideband generation in optical region.
Under the time scale of attosecond, the research of many kinds of ultrafast phenomena is being
launched like a raging fire in recent years [1]. The shortest pulses that have been generated is 80
attosecond [2] So far, the mainstream method to generate the attosecond pulse is high-harmonic
generation (HHG) process. This process is developed from the evolution of high peak power
femtosecond laser. The other method to generate attosecond pulse is high stimulated Raman scattering
(HSRS) [3]. Using this process, Kung’s group in Taiwan have been already synthesized a 0.83 optical
cycle pulse by 7 Raman sidebands. The time duration of carrier electric field pulse is 440 attosecond,
and the envelope pulse duration is 1.4 femtosecond. This is the shortest pulse duration in the
IR-VIS-UV range [4]. Recently, due to well-development of liquid crystal SLM and amplitude/phase
modulation, the CEP controlled electric field was demonstrated [5]. As a result, measuring the CEP
controlled arbitrary waveform is an important issue. Here, the linear cross-correlation is suggested to
characterize the sub-fs electric field generated by HSRS. The theoretical simulation shows that
cross-correlation trace still includes phase information of electric field. An interesting and important
phenomenon is the measured profile of cross-correlation trace will equal to the electric field of
synthesized CEP controlled arbitrary waveform when all amplitude component of the reference beam
are the same. Meanwhile, we experimentally demonstrate the electric field measurement of generated
saw-tooth and square like pulse generated by HSRS.
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Fig. 1 The theoretical simulation of cross correlation trace of various targets: (a) triangle under CEP of 0 and τ; (b) saw-tooth
funcion under CEP of 0 and 0.5π; (c) square function under CEP of 0 and 0.5π and (d) Rieman zeta function under CEP of 0 and
0.5π
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Title: Superstable 3−cycle in the logistic map and Sharkovskii’s
theorem
Speaker: M Howard Lee, Physics Dept., University of Georgia
Abstract
The superstable 3−cycle was the first 3−cycle in the logistic map shown
to exist with an estimate of the control parameter a = 3.832. An exact
value was unavailable because it required solving a polynomial of degree
7. We have found a way to reduce this polynomial to a cubic equation
and therewith obtained an exact value for the control parameter[1]. The
importance of a 3−cycle in a one−dimensional continuous map such as the
logistic map is provided by Sharkovskii’s theorem, according to which
the existence of a 3−cycle implies the existence of all other cycles.
Thus wherever there is found a 3−cycle, there is chaos.
1. M H Lee, J. Math. Phys. (January 2010)
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Carrier-envelope phase effect of RF pulses: cosine vs sine
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Abstract: Few-cycle radio frequency pulses are used to transfer population among the ground
state hyperfine levels in rubidium atoms. The carrier-envelope phase of the pulses has a significant
effect on excitation of atomic coherence and population transfer.

Modern pulsed laser can produce ultra-short intense bursts of light with only few cycles of carrier oscillation [1].
The carrier-envelope (CE) phase strongly affects many processes involving few-cycle pulses. It is of great interest
to study the influence of CE phase [2] on the one hand, and to efficiently measure the CE phase [3] and provide a
feedback to the laser to produce pulses with a controllable CE phase on the other hand.
We will report the CE phase effect on population transfer between two bound atomic states interacting with fewcycle RF pulses. For our experiment, we use intense RF pulses interacting with the magnetic Zeeman sublevels of
rubidium (Rb) atoms. The pulses are only a few cycles in duration and have Rabi frequencies comparable to the
carrier frequency. We have found that short pulses can be crafted to cause significant population transfer, the CE
phase of the pulse strongly affects that transfer, and relatively large population transfer may be observed far off
resonance.
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FIG. 1: The figures show the experimental schematic and the major results.

The experiment is performed with rubidium atoms prepared by the optical pumping. As shown in the left panel
in Fig. 1, a strong optical pulse pumps atoms to one of Zeeman sublevels. We then apply a RF pulse to transfer the
population which can be detected by a followed probe pulse. The RF pulses have different CE phases, special cases
such as cosine and sine pulses shown in the middle panel. The excitation by cosine and sine pulses are substantially
different. A systematical measurement of the excitation by pulses with different CE phase is shown in the right panel.
Our experiment study the influence of CE phase on a transition between two bound atomic states. Meanwhile, the
method with RF pulses and Zeeman sublevels can be generally used as a model experiment to simulate the processes
in short laser physics. The system provides the full flexibility of control over all parameters, such as frequency, pulse
duration, pulse shape, chirp and carrier-envelope phase, which can be hardly, if possibly, controlled in the case of
optical pulses.

[1] T. Brabec, F. Krausz, Rev. Mod. Phys. 72, 545 (2000).
[2] A. Boham et. al., Phys. Rev. Lett. 81, 1837 (1998); G.G. Paulus et al., Nature 414, 182 (2001).
[3] D.J. Jones, et al., Science 288, 635 (2000); A. Baltuska, et. al., Nature 421, 611 (2003).

PQE-2010

160

Speaker: Michael Lilly
Session: Exciton Condensates
Schedule: Tuesday Morning Invited Session 1

Electrical transport techniques to probe the ground
state of closely spaced 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. Several clear predictions exist for the transport signature of a transition to an exciton
condensate[1-2], but recent experiments find a more complicated situation[3-4]. We report both
transport and Coulomb drag measurements electron-hole bilayers fabricated using undoped
GaAs/AlGaAs double quantum well heterostructures with gates on the top and bottom of the
structure to independently control the electron and hole density. 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. While these results clearly deviate
from Fermi liquid ground states, there are a number of possibilities for the stronger coupling
between the layers. Transport in each layer, in-plane and perpendicular field experiments and
Coulomb drag in the unbalanced density regime are used to explore this new regime. 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-AC04-94AL85000.
1.
2.
3.
4.
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Vignale, G. and A.H. MacDonald, Drag in paired electron-hole layers. Physical Review
Letters, 1996. 76(15): p. 2786-2789.
Hu, B.Y.K., Prospecting for the superfluid transition in electron-hole coupled quantum
wells using coulomb drag. Physical Review Letters, 2000. 85(4): p. 820-823.
Croxall, A.F., et al., Anomalous Coulomb Drag in Electron-Hole Bilayers. Physical
Review Letters, 2008. 101(24).
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Optically synthesized magnetic fields for ultracold neutral atoms
Y.-J. Lin, R. L. Compton, K. Jiménez-García, J. V. Porto & I. B. Spielman
Joint Quantum Institute, National Institute of Standards and Technology, and University of
Maryland, Gaithersburg, Maryland, 20899, USA
Neutral atomic Bose condensates and degenerate Fermi gases have realized important manybody phenomena in their most simple and essential forms, without many of the complexities
usually associated with material systems. A rich source of physics in electronic systems arises
from the Lorentz force for charged particles in a magnetic field; among the most intriguing
examples are the fractional quantum-Hall states in 2D electron systems in strong magnetic fields.
Here, for the first time, we experimentally realize an optically synthesized magnetic field for
ultracold neutral atoms. Pioneering demonstrations of synthetic fields with rotating systems relied
on the equivalence of the Lorentz force and the Coriolis force, where the appearance of
quantized vortices is a hallmark of superfluids. However, due to technical issues limiting the
maximum rotation velocity, the metastable nature of the rotating state, and the difficulty of
applying stable rotating optical lattices, new approaches not involving rotation are required to
reach the large fields for quantum-Hall physics. Our approach employs a spatially-dependent
optical coupling between internal states of the atoms, yielding a Berry's phase sufficient to create
large synthetic magnetic fields, and is not subject to the limitations of rotating systems. The
synthetic magnetic field is evidenced by the appearance of vortices in our Bose-Einstein
condensate (BEC), dressed in a two-photon Raman coupling with a spatial gradient in detuning,
within the F=1 ground state manifold. The detuning gradient leads to a spatially varying effective
vector potential for the dressed atoms, corresponding to a synthetic magnetic field. This field is
stable in the laboratory frame, and consequently the BEC with vortices is the ground state,
allowing for adding optical lattices with ease.
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Dressed BEC imaged after a 25.1 ms TOF without (a) and with (b) a detuning gradient δ'. The
spin components, mF=0, ± 1, separate along y due to the Stern-Gerlach effect.
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Based on transformational optics, several novel optical devices were recently demonstrated, most in the
microwave regime. Pushing this technology into the optical regime would greatly increase the potential
applications. However this requires nanometer control of the structures. We have recently shown
several devices based on Transformational optics in the near infrared regime for broad band operation
based on high index contrast silicon nanophotonic structures including light focusing, cloaking and
imaging. The devices are based on silicon nanostructures with spatially varying densities.
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Transition Metamaterials
Natalia M. Litchinitser,1 Irene Mozjerin,1 Edward P. Furlani,1 Ildar Gabitov,2 and Vladimir
Shalaev3
1. The State University of New York at Buffalo, Buffalo, New York 14260, USA
2. University of Arizona, Tucson, Arizona, 85721, USA
3. Purdue University, Birck Nanotechnology Center,West Lafayette, IN 47907-2057

Abstract
We investigate the effect of resonant absorption and anomalous field enhancement in realistic
lossy plasmonic transition metamaterials − artificial materials with the refractive index gradually
changing from positive to negative values.
Summary
Transition metamaterials have attracted significant interest over the last few years [1–3]. In
particular, anomalous field enhancement and resonant absorption phenomena have been
predicted for obliquely incident TE and TM waves at the point where the real part of the index of
refraction vanishes (shown in Fig. 1).
These phenomena hold potential for numerous applications, including low-intensity
nonlinear optics, wave concentrators, and polarization sensitive devices. Moreover, they may
have important implications beyond the field of metamaterials. One such example is for light
propagation through interfaces of materials with the dielectric permittivity changing its sign,
since in reality the interface is almost never abrupt.
In the initial studies, transition
metamaterials
were assumed to be
Reflected
(a)
wave
lossless. However, losses, which are
inevitably present in plasmonic
Transmitted
Incident
wave
metamaterials, would limit the degree
wave
ε, μ
of field enhancement. Therefore, it is
x
essential to study the electromagnetic
ε=0
Re(ε)=0
Re(µ)=0
enhancement
phenomenon
using
μ= 0
(b)
(c)
realistic material parameters. Another
important question is to understand the
effect of the transition layer
parameters on the resonant absorption
effect and on the value of the field
enhancement. In this paper, we study
the effect of field enhancement in
realistic metamaterials with material
Figure 1. (a) The schematic of the transition layer, (b) real and
parameters taken from published
imaginary parts of dielectric permittivity and magnetic
experimental data, and optimize the
permeability, and (c) the absolute value of the magnetic field
profile of the transition layer for
component |Hx| for different values of Im(ε), Im(µ).
maximum field enhancement.
[1] N. M. Litchinitser, A. I. Maimistov, I. R. Gabitov, R. Z. Sagdeev, and V. M. Shalaev, Opt. Lett. 33, 2350 (2008).
[2] K. Kim, D.-H. Lee, and H. Lim, Opt. Express 16, 18505-18513 (2008).
[3] M. Dalarsson and P. Tassin, Opt. Express 17, 6747-6752 (2009)
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potential on an atom chip

Romain Long, Kenneth Maussang, Edward G. Marti,∗ Tobias Schneider,†
Philippe Treutlein,‡ Yun Li, Alice Sinatra, Jérôme Estève, and Jakob Reichel
Laboratoire Kastler Brossel, E.N.S./CNRS/UPMC, 24 rue Lhomond, 75005 Paris, France
After the splitting of a 87 Rb Bose-Einstein Condensate in a double well potential, we observe
sub-poissonian statistics of the atom number difference, as well as transition from sub- to superpoissonian statistics by increasing the temperature of the cloud.

Atom chips are a particularly elegant platform to implement micrometer-scale double wells, and
have been used recently to implement proof-of-principle trapped-atom interferometers (TAIs) [1, 2].
Here we developed a double-well potential capable of splitting a pure BEC consisting of only 1200
atoms as well as a thermal gas with much more atoms. The potential originates from a static
magnetic field configuration created by current carrying wires deposited on an atom chip. We
combine it with state-of-the-art absorption imaging to count the atoms in each well with an equivalent
noise of less than one atom per pixel.

FIG. 1: Chip geometry (I0 = 200 mA, I1 = 2 mA and B0 = (15; 8; 0)G), and typical absorbtion imaging
of a split BEC after 6 ms time-of-flight.

We illustrate the key role played by the initial thermal fluctuations by measuring the atom number
difference fluctuations as a function of the initial temperature. Above Tc , we observe poissonian
fluctuations as expected for an ideal classical gas. By decreasing the temperature of the cloud, we
observe a first transition from poissonian to super-poissonian fluctuations (up to +3.8 dB), which
occurs when the quantum degeneracy becomes important. The second transition from super- to
sub-poissonian fluctuations originates from the interaction energy cost associated to atom number
fluctuations. In this regime, similarly to [3], we are able to directly observe sub shot-noise fluctuations
with a reduction of the variance up to −4.9 dB.
Number squeezed states, potentially useful for interferometry, reveal to be highly sensitive to temperature and thus to technical heating. The temperature region with super-poissonian fluctuations
has to be avoided for any potential implementations of TAIs, at least dealing with external states.

∗
†
‡

Present address : University of California, 94270 Berkeley, USA.
Present address : Institut für Experimentalphysik, Heinrich Heine Universität, 40225 Düsseldorf, Germany.
Permanent address : Max-Planck-Institut für Quantenoptik und LMU München, Fakultät für Physik,
80799 München, Germany.

[1] T. Schumm, S. Hofferberth, L. Andersson, S. Wildermuth, S. Groth, I. Bar-Joseph, J. Schmiedmayer,
and P. Kruger, Nature Physics 1, 57 (2005).
[2] Y. Shin, C. Sanner, G.-B. Jo, T. Pasquini, M. Saba, W. Ketterle, D. Pritchards, M. Vengalattore, and
M. Prentiss, Phys. Rev. A 72, 021604 (2005).
[3] J. Estève, C. Gross, A. Weller, S. Giovanazzi, and M. K. Oberthaler, Nature 455, 1216 (2008).
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A note on quantum error correction
with continuous variables
Peter van Loock
Optical Quantum Information Theory Group, Max Planck Institute for the Science of Light,
Institute of Theoretical Physics I, Universität Erlangen-Nürnberg, Staudtstr.7/B2, 91058 Erlangen,
Germany
peter.vanloock@mpl.mpg.de

Abstract: We demonstrate that continuous-variable (CV) quantum error correction (QEC)
based on Gaussian ancilla states and Gaussian operations for encoding, syndrome extraction,
and recovery can be very useful to suppress the effect of non-Gaussian error channels. We
further discuss how to implement such Gaussian QEC using Gaussian CV graph states.
For a certain class of non-Gaussian, stochastic error models, reminiscent of those typically considered in
the qubit case, CV QEC codes designed for single-channel errors [1, 2, 3] may enhance the transfer fidelities
even when the errors, quite realistically, occur in every channel employed for transmitting the encoded state.
In fact, in this case, the error-correcting capability of the fully Gaussian CV schemes turns out to be higher
than that of their discrete-variable analogues [4].
The corresponding stochastic error models may describe, for instance, free-space channels with atmospheric fluctuations causing beam jitter [5, 6]. The non-Gaussian character of these channels is essential, as
otherwise any fully Gaussian QEC protocol is known to be of no use for protecting Gaussian signal states
against Gaussian errors [7].
Encouraged by the existence of potential applications of CV Gaussian QEC schemes, as realized in a recent
experiment in Tokyo with an encoded quantum state of nine optical modes [8], we shall further discuss the
general link between QEC and so-called graph states in the context of linear-optical implementations [9]
and, for the particular case of CV graph states, the possibility of implementing CV QEC utilizing CV graph
states built from off-line squeezed light through linear optics [10].

in

Fig. 1. A six-mode CV wheel-shaped graph state producible with squeezed light using linear optics. An
arbitrary single-mode quantum state may be teleported into this graph, resulting in the universal five-mode
code against arbitrary single-channel errors. The codewords correspond to a five-mode ring-shaped graph.

References
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[2] S. L. Braunstein, Phys. Rev. Lett. 80, 4084 (1998).
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[4] P. van Loock, Los Alamos arXive quant-ph/0811.3616 (2008).
[5] J. Heersink et al., Phys. Rev. Lett. 96, 253601 (2006).
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[8] T. Aoki et al., Nature Physics 5, 541 (2009).
[9] P. van Loock and D. Markham, in preparation.
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Local duration-bandwidth product of a propagating pulse
Patrick Loughlin
University of Pittsburgh
As a pulse propagates in a dispersive medium, its duration will eventually increase. In the absence
of damping, its bandwidth remains unchanged. Consequently, its uncertainty product, namely
the product of its duration and its bandwidth, grows. Perhaps paradoxically, however, the local
duration-bandwidth product, which we define in terms of the conditional standard deviations of
phase space distributions [1], can decrease as the pulse propagates. While there are many possible
phase space distributions [2], we show that for a large class of distributions, the same local uncertainty product is obtained. Moreover, for this class of distributions, which includes the Wigner and
Margenau-Hill distributions, the local uncertainty product is always upper bounded by the usual
uncertainty product. These results seem to contradict the common notion that the uncertainty
product increases the more finely we attempt to study local properties of a pulse. We pinpoint
the origin of this misconception and show that it is a consequence of a particular but widely used
method for studying the local properties of pulses and signals. Thus, while it is in fact true that
the local uncertainty product increases using this approach, other phase space approaches, such as
the Wigner distribution, do not increase the local uncertainty product, and it can be arbitrarily
small. Results are shown in general, and for the specific case of a Gaussian pulse propagating with
quadratic dispersion.

References
[1] P. Loughlin and L. Cohen, IEEE Trans. Signal Processing, vol. 52, no. 5, 2004.
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Enhanced spontaneous emission from photonic crystal
microcavities
T.S. Luk1,2, S. Xiong3, B.G. Farfan4, W.W. Chow2,5, I. El-Kady2,4, X. Miao1, P.J.
Resnick2, M.F. Su4, G. Subramania2, M.R. Taha4,5, C.J. Brinker2,3
1. Center for Integrated NanoTechnologies, Sandia National Laboratories, Albuquerque, NM 87123.
2. Sandia National Laboratories, Albuquerque, NM 87185.
3.Center for MicroEngineered Materials, Department of Chemical and Nuclear Engineering, University of New
Mexico, Albuquerque, NM 87106.
4. Department of Electrical Engineering, University of New Mexico, Albuquerque, NM 87106.
5. Department of Civil Engineering, University of New Mexico, Albuquerque, NM 87106.
6. Physics Department and Institute of Quantum Studies, Texas A&M University, College Station, Texas 77843.

Email address: tsluk@sandia.gov
Enhanced spontaneous emission has important implications to solid state lighting, solar energy
harvesting, and is an important system to study quantum optical phenomena. Photonic crystal
cavity can produce very large Q/V ratio and hence large Purcell factor. However, putting
emitters at the anti-node of a high Q photonic crystal microcavity without significant Q
degradation has been challenging.
In this paper, we report a large Purcell cell enhancement factor of 116 using a relatively simple
post-processing procedure to deposit a monolayer of closed-packed PbS quantum dots onto a
photonic crystal microcavity with a Q factor of 2860. Figure 1 show a summary of the device
used and enhanced emission spectrum.
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Figure 1: (Left a) SEM picture of the whole photonic crystal device with top (top left inset) and
edge (bottom right inset) view of the hole pattern. (Left b) the top view of the photonic crystal
microcavity. (Left c) TEM image of closed-packed PbS quantum dots. (Right) Cavity enhanced
emission spectrum of PbS quantum dots in photonic crystal with lineshape detail (top left inset)
and modal field pattern (top right inset).
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Abstract:	
   We	
   present	
   experimental	
   examples	
   on	
   how	
   plasmon	
   hybridization	
   can	
   be	
   applied	
   to	
   create	
   optical	
  
plasmonic	
  nanocavities	
  exhibiting	
  a	
  subradiant,	
  superradiant,	
  or	
  Fano-‐type	
  response,	
  allowing	
  a	
  high	
  level	
  of	
  control	
  
both	
  over	
  the	
  spectral	
  and	
  spatial	
  optical	
  mode	
  profile	
  with	
  large	
  Q/V	
  figures.	
  In	
  the	
  second	
  part	
  we	
  will	
  present	
  new	
  
results	
   for	
   dual-‐band,	
   high-‐bandwidth	
   and	
   ultrathin	
   plasmonic	
   metamaterials	
   operating	
   in	
   the	
   THz	
   part	
   of	
   the	
  
spectrum,	
   allowing	
   the	
   translation	
   of	
   high-‐confinement	
   plasmonics	
   with	
   metals	
   into	
   this	
   regime	
   of	
   the	
   optical	
  
spectrum.	
  

	
  

Plasmon	
   hybridization	
   theory	
   provides	
   a	
   paradigm	
   for	
   the	
   understanding	
   of	
   the	
   plasmonic	
   mode	
  
spectrum	
  of	
  complex	
  metallic	
  nanostructures,	
  via	
  breaking	
  the	
  modes	
  down	
  into	
  bonding	
  and	
  antibonding	
  
combinations	
  of	
  the	
  parent	
  plasmons	
  [1].	
  Crucially,	
  this	
  description	
  also	
  captures	
  dark	
  modes,	
  which	
  often	
  
cannot	
   be	
   easily	
   accessed	
   optically,	
   but	
   can	
   govern	
   the	
   response	
   of	
   local	
   emitters	
   or	
   those	
   of	
   electron	
  
energy	
  loss	
  spectral	
  mapping	
  [2].	
  We	
  will	
  show	
  experimental	
  realizations	
  of	
  highly	
  compact	
  nanocavities	
  
exhibiting	
   either	
   subradiant	
   or	
   superradiant	
   dipolar	
   plasmonic	
   modes,	
   as	
   well	
   as	
   symmetry-‐broken	
  
structures	
  with	
  Fano-‐type	
  lineshapes	
  [3,	
  4,	
  5].	
  The	
  emergence	
  of	
  these	
  properties	
  can	
  be	
  elucidated	
  well	
  
using	
  the	
  hybridization	
  model.	
  	
  
	
  
In	
  the	
  second	
  part,	
  we	
  will	
  present	
  recent	
  results	
  on	
  our	
  efforts	
  to	
  create	
  structured	
  metallic	
  surfaces	
  with	
  
a	
  broadband	
  plasmonic	
  response	
  in	
  the	
  THz	
  part	
  of	
  the	
  spectrum.	
  We	
  will	
  show	
  that	
  annular	
  resonators	
  
allow	
   surface	
   plasmon	
   spoofing	
   [6]	
   with	
   multiple	
   bands,	
   and	
   how	
   inverse	
   split-‐ring	
   resonators	
   enable	
  
high	
  surface	
  mode	
  confinement	
  even	
  with	
  an	
  ultrathin	
  substrate.	
  
	
  

	
  	
  	
  

	
  

Left:	
   Electric	
   field	
   intensity	
   distribution	
   of	
   a	
   number	
   of	
   optical	
   plasmonic	
   nanocavities,	
   with	
   maximum	
   field	
  
enhancement	
  indicated.	
  Right:	
  Dispersion	
  relation	
  of	
  a	
  dual-band	
  spoof	
  plasmonic	
  metamaterial	
  based	
  on	
  a	
  metal	
  sheet	
  
patterned	
  with	
  coaxial	
  holes.	
  

	
  

[1]	
  Prodan	
  et	
  al.	
  A	
  hybridization	
  model	
  for	
  the	
  plasmon	
  response	
  of	
  complex	
  nanostructures.	
  Science	
  (2003)	
  vol.	
  302	
  
(5644)	
  pp.	
  419-‐422	
  
[2]	
   Koh	
   et	
   al.,	
   Electron	
   energy	
   loss	
   spectroscopy	
   (EELS)	
   of	
   surface	
   plasmons	
   in	
   single	
   silver	
   nanoparticles	
   and	
  
dimmers:	
  Influence	
  of	
  beam	
  damage	
  and	
  mapping	
  of	
  dark	
  modes.	
  ACS	
  Nano	
  (2009)	
  vol.	
  3	
  pp.	
  3015-‐3022	
  
[3]	
  Hao	
  et	
  al.	
  Enhanced	
  tunability	
  and	
  linewidth	
  sharpening	
  of	
  plasmon	
  resonances	
  in	
  hybridized	
  metallic	
  ring/disk	
  
nanocavities.	
  Phys	
  Rev	
  B	
  (2007)	
  vol.	
  76	
  (24)	
  pp.	
  245417	
  
[4]	
   Hao	
   et	
   al.	
   Tunability	
   of	
   Subradiant	
   Dipolar	
   and	
   Fano-‐Type	
   Plasmon	
   Resonances	
   in	
   Metallic	
   Ring/Disk	
   Cavities:	
  
Implications	
  for	
  Nanoscale	
  Optical	
  Sensing.	
  Acs	
  Nano	
  (2009)	
  vol.	
  3	
  (3)	
  pp.	
  643-‐652	
  
[5]	
  Verellen	
  et	
  al.	
  Fano	
  Resonances	
  in	
  Individual	
  Coherent	
  Plasmonic	
  Nanocavities.	
  Nano	
  Lett	
  (2009)	
  vol.	
  9	
  (4)	
  pp.	
  
1663-‐1667	
  
[6]	
  Pendry	
  et	
  al.	
  Mimicking	
  surface	
  plasmons	
  with	
  structured	
  surfaces.	
  Science	
  (2004)	
  vol.	
  305	
  (5685)	
  pp.	
  847-‐848	
  

PQE-2010

169

Speaker: Svetlana Malinovskaya
Session: Coherent Spectroscopy and Quantum Control
Schedule: Wednesday Morning Invited Session 2

Adiabatic Raman Passage Using an Optical Frequency
Comb
Svetlana A. Malinovskaya
Department of Physics and Engineering Physics
Stevens Institute of Technology, Hoboken, NJ 07030
smalinov@stevens.edu

Abstract: An optical frequency comb is used to fulfill adiabatic passage in a three-level λ-system
system aiming complete population transfer to the final state. The results are obtained for the case
of using a standard frequency comb and the one generated by a pulse train with sinusoidal phase
modulation.

Populations

Broadband optical frequency combs have been increasingly implemented in atomic and
molecular spectroscopy and quantum control. In this paper a semi-classical theory is presented to
describe the interaction of an optical frequency comb (OFC) with a three-level λ-system aiming
control of population transfer and coherence between initial and final states. A pulse train
specifying the ‘standard’ frequency comb is formed by optical femtosecond pulses having a
constant carrier-envelope phase. In this case, the adiabatic population transfer to the final state in
the λ-system is achieved very fast, within three consecutive pulses, Fig.1.
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Fig.1. Adiabatic population transfer
in the λ-system using a standard
optical frequency comb (OFC)
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ω32=5.9 (in the unites of ω31)

0

0

50000

1e+05

1.5e+05

2e+05

Fig.3. Off-resonance case:
Population transfer in the λ-system
system using an OFC with
parameters : ΩR=1, ωL=5.4, Ω=4.4;
ω21=4.9, ω32=5.9 (in the unites of
ω31)

When the phase of the field is modulated in the form of the sin-function, E (t) = E0 (t) sin (ωL t +
A sin Ω t), (here E0(t) is the Gaussian envelope), the adiabatic accumulation of population in the
final state takes place in a more smooth fashion. The sinusoidal phase results in generation of the
beat notes at modulation frequency Ω. Thus, the frequency comb possesses both radio-frequency
modes separated by 2π/T, (T is the pulse train period), and the IR modes that are multiples of Ω.
These modes induce resonances in the λ-system and lead to the controllable dynamics. Adiabatic
passage to the final state is shown in Fig.2 for ωL - Ω = ω31. Detuning the pulse train parameters
to less than ω31 changes the time scale of population dynamics but leads to the same complete
population transfer, Fig.3. The proposed scheme may be used to form ultracold molecules, e.g.,
the KRb.
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A supercritical superfluid and vortex unbinding following a quantum quench
L. Mathey1 and A. Polkovnikov2
1

Joint Quantum Institute, National Institute of Standards and Technology and University of Maryland,
Gaithersburg, MD 20899
2

Department of Physics, Boston University, 590 Commonwealth Ave., Boston, MA 02215

The technological advances of trapping and manipulating ultra-cold atom systems provide an opportunity
to study many-body dynamics with unprecedented clarity. We study the dynamics of the relative phase of
a bilayer of two-dimensional superfluids after the two superfluids have been decoupled, using truncated
Wigner approximation. On short time scales the relative phase shows ``light cone'' like thermalization and
creates a metastable superfluid state, which can be supercritical. On longer time scales this state relaxes to
a disordered state due to dynamical vortex unbinding. This scenario of dynamically suppressed vortex
proliferation constitutes a reverse-Kibble-Zurek effect. We observe dynamics of creation of vortex antivortex pairs and their consequent motion. Our predictions can be directly measured in interference
experiments.

(left) Plot of short (a) and long (b) time behavior of the correlation function as a function of time and space. At
short times the dynamics separates into instantaneous, damped oscillatory behavior, and a 'light cone' like pulse,
which can form a metastable quasi-superfluid state. At longer time scales the correlation function shows
exponential decay due to dynamical vortex unbinding. (right) Kibble-Zurek (KZ) and reverse-Kibble-Zurek (rKZ)
mechanism illustrated for a BKT transition. Quenching from a thermal Bose gas (phonons and vortex-anti-vortex
(V-AV) pairs are activated) to a phase-locked state leads to a KZ scenario of suppressed V-AV recombination.
Starting from a phase-locked state leads to a rKZ effect, in which vortex unbinding is dynamically suppressed. We
propose to study the rKZ mechanism in a bilayer of 2D superfluids of ultra-cold atoms, by decoupling the
superfluids and measuring the dynamics of the relative phase.
L. Mathey and A. Polkovnikov, Phys. Rev. A 80, 041601(R) (2009).
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Femtosecond Time-Resolved Stimulated Raman Spectroscopy
Richard A. Mathies, Chong Fang, Renee Frontiera and Jyotishman Dasgupta
Department of Chemistry, University of California, Berkeley CA 94720 USA
Phone: 510 642-4192, E-mail: ramathies@berkeley.edu
Abstract: Femtosecond Stimulated Raman Spectroscopy is a powerful time-resolved structural technique
for studying chemical and biochemical reaction dynamics in the critical 10 fs - 10 ps time range.
Femtosecond Stimulated Raman Spectroscopy or FSRS is a time-resolved structural technique that opens a
unique window on chemical and biochemical reaction dynamics because it provides simultaneously high 10 cm-1
spectral resolution with 25 fs time resolution [1]. Following a 35 fs actinic pump pulse that initiates a
photochemical reaction, the reactive dynamics of a molecule on the excited state and on the subsequent ground
state are probed by combining a ps Raman Pump pulse with a 20 fs compressed continuum Raman Probe pulse.
The probe pulse is then dispersed to reveal the heterodyne detected stimulated Raman vibrational features with
high signal to noise ratios and rapid data acquisition.
FSRS has now been applied to a variety of key chemical and biochemical photoreactive systems including
polyenes, β-carotene, the pigments rhodopsin and bacteriorhodopsin, phytochrome the light sensor in plants, and
proton transfer in the green fluorescent protein or GFP.
Studies of the structural evolution of the retinal polyene isomerization in rhodopsin revealed the vibrational
signatures of torsional evolution that makes up the isomerization reaction coordinate [2]. The surprising result is
that much of the nuclear dynamics that produce the photoisomerization occur on the ground state surface of the
photorhodopsin product.
FSRS has also been used to study the excited state structural evolution of the tetrapyrrole bilin chromophore in
the plant light sensor phytochrome [3]. In this case the changes in the vibrational spectrum indicate that the
photoisomerization occurs in ~3 ps while the system is in its long-lived excited electronic state. These dynamic
structural data reveal the time course of the reaction and the structural origin of the low 15% primary quantum
yield that converts Pr to Pfr [3].
Finally, time-resolved FSRS studies of the excited state proton transfer reaction in GFP, that is responsible for
producing its intense fluorescence, have provided an unprecedented view of structural dynamics on a reactive
excited state potential energy surface [4]. Vibrational spectra of the excited state chromophore reveal quantum
beats or oscillations in the vibrational frequencies and intensities that arise as the excited state wave packet
probes the reactive phase space. The oscillations are caused by the wagging of the phenoxy ring of the
chromophore that brings its OH moiety into alignment with the proton acceptor; the phenoxy wag is thus
revealed as the critical gating motion that leads to the proton transfer reaction inside the protein pocket. Feasible
experiments with even higher time resolution should reveal a rich matrix of anharmonicities as a function of
time, providing an unprecedented experimental view of the multidimensional potential energy surface along the
chemical reaction coordinate of complex polyatomic molecules.
References
1. Kukura, P., McCamant, D. W., Mathies, R. A., Femtosecond Stimulated Raman Spectroscopy, Annu. Rev.
Phys. Chem. 58. 461-488 (2007).
2. Kukura et al., Structural Observation of the Primary Isomerization in Vision with Femtosecond Stimulated
Raman, Science, 310, 1006-1009 (2005).
3. Dasgupta et al., Ultrafast Excited State Isomerization in Phytochrome Revealed by Femtosecond Stimulated
Raman Spectroscopy, Proc. Natl. Acad. Sci. U.S.A. 106, 1784-1789 (2009).
4. Fang, C., Frontiera, R. R., Tran, R. and Mathies, R. A. Mapping GFP Structure Evolution During Proton
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Recent advances in fiber-based devices
C. J. McKinstrie
Bell Laboratories, Alcatel-Lucent, Holmdel, NJ 07733
Abstract: Recent advances in the modeling and implementation of fiber-based
devices, such as parametric amplifiers and oscillators, delay elements, waveform
samplers, and photon generators and frequency-convertors, will be reviewed.
Parametric devices based on four-wave mixing (FWM) in fibers can perform a variety of key
functions for conventional communication systems and quantum information experiments.
FWM is driven by pump-induced nonlinearity and detuned by fiber dispersion. A new technique that measures dispersion on the 1m-scale allows one to select fiber segments suitable for
specific applications [1]. This ability enabled demonstrations of amplifiers with gain bandwidths
in excess of 100 nm [2]. Oscillators with broad tuning bandwidths also depend sensitively on
fiber dispersion, and Raman-induced gain and detuning [3,4].
Not only does FWM amplify signals, it also generates frequency-shifted copies of the signals,
called idlers. By passing these idlers through a dispersive medium, and using FWM to return
them to their original frequencies, one can delay signals. Unfortunately, the same dispersion that
delays the idlers also distorts them. A new intra-channel dispersion-compensation scheme based
on phase conjugation [5,6] enabled demonstrations of significant 1-μs delays [7,8].
When short signal pulses are illuminated by even-shorter pump pulses, idlers are generated
whose peak powers are proportional to the signal powers at the instants of illumination. By using
FWM to make multiple copies of the signals [9], and delaying the copies by different amounts
before illuminating them, one can sample individual pulses in high-bit-rate systems [10]. Waveform sampling and other useful measurements can also be made by fiber-based (or assisted)
frequency combs [11,12].
Low-noise phase-sensitive amplification by a cascaded parametric amplifier was demonstrated recently [13,14], as was the simultaneous regeneration of multiple signal channels [15,16].
Polarized and polarization-entangled photon pairs are key resources for quantum information.
Low-gain FWM is a good source of photon pairs [17,18]. By choosing judiciously the pump
duration, and fiber dispersion and length, one can produce pure-state photons, without using
filters to remove frequency entanglement [19,20]. Progress was also made in modeling high-gain
photon generation [21] and high-efficiency photon frequency-conversion [22].
References
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2. S. Moro, Photon. Technol. Lett. 20, 1971 (2008).
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Taming molecular beams; towards a molecular laboratory on a chip
Samuel A. Meek, Gabriele Santambrogio, Horst Conrad, and Gerard Meijer
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-14195 Berlin, Germany
e-mail: meek@fhi-berlin.mpg.de
Getting ever better control over gas-phase molecules is an important research theme and
drives progress in the field of molecular physics. The motion of neutral molecules in a beam can be
manipulated with inhomogeneous electric and magnetic fields. Static fields can be used to deflect
or focus molecules, whereas time-varying fields can be used to decelerate or accelerate beams of
molecules to any desired velocity. This molecular beam technology offers possibilities ranging
from ultrahigh-resolution spectroscopy and novel scattering experiments to lifetime measurements
on trapped molecules [1].
In this presentation, I will report in particular on our recent experiments demonstrating
trapping of carbon monoxide molecules on a chip [2] using direct loading from a supersonic beam
[3,4]. Upon arrival above the chip, the molecules are confined in tubular electric field traps of
about 20 micrometer diameter, centered 25 micrometer above the chip, that move along with the
molecular beam at a velocity of several hundred meters per second. By using the

13

CO

isotopologue, losses due to nonadiabatic transitions [5] near the center of the tubular traps are
prevented. An array of these miniaturized moving traps can be brought to a complete standstill
over a distance of only a few centimeters. After a certain holding time, the molecules can be
accelerated off the chip again for detection. This loading and detection methodology is applicable
to a wide variety of polar molecules, and enables the creation of a molecular laboratory on a chip.
Many of the gas phase molecular physics experiments that are currently being performed in large
beam machines might be performed in a compact vacuum machine on a surface area of a few
square centimeters in the future and new experiments will become possible.
References
[1] S.Y.T. van de Meerakker, H.L. Bethlem, and G. Meijer, Nature Physics 4, (2008) 595.
[2] S.A. Meek, H. Conrad, and G. Meijer, Science 324, (2009) 1699.
[3] S. A. Meek, H.L. Bethlem, H. Conrad, and G. Meijer, Phys. Rev. Lett. 100, (2008) 153003.
[4] S.A. Meek, H. Conrad, and G. Meijer, New J. Phys. 11, (2009) 055024.
[5] M. Kirste, B.G. Sartakov, M. Schnell, and G. Meijer, Phys. Rev. A 79, (2009) 051401(R).
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Nanoscale imaging and patterning using bright beams of soft x-ray
light from table-top lasers
Carmen S. Menoni, Fernando Brizuela, Pzemek Watchulak, Mario C. Marconi, Jorge J. Rocca
NSF Engineering Research Center for Extreme Ultraviolet Science and Technology and
Department of Electrical & Computer Engineering
Colorado State University
Fort Collins, CO 80525
Carmen.Menoni@colostate.edu

Abstract: The short wavelength, 10-47 nm, high coherent average power from table-top extreme
ultraviolet lasers has enabled the demonstration of practical imaging and patterning systems with
nanoscale spatial resolution.

There are many applications in science and technology that are beyond the reach of visible
light but can be accessed with soft x-ray light (SXR). With wavelengths between 5-50 nm,
SXR light is well suited to ‘see’ and to ‘write’ nanometer scale features.
We have implemented and characterized full field microscopes that use table-top SXR lasers
operating at 46.9 nm and 13.2 nm wavelength. The microscopes, that operate in transmission
and reflection configurations, have achieved a spatial resolution down to 38 nm. The
microscopes have been used to image nanoscale systems, and in the first demonstration, outside
of synchrotron facility, of aerial imaging of extreme ultraviolet lithography masks for atwavelength defect inspection. [1,2] (Fig. 1).
We have also demonstrated innovative nanopatterning tools that exploit the high spatial and
temporal coherence of the compact SXR laser sources. SXR interferometric lithography was
implemented to pattern resists with periodic arrays nano-scale pillars and holes. Using
Talbot nano-imprint we have also demonstrated printing of arbitrary patterns in resists. These
patterns are printed in a matter of minutes over areas of approximately a square millimiter.
These results open up new avenues for the patterning of for example, magnetic materials and
metals for plasmonic devices. [2,4] (Fig. 2)

Fig. 1. Single shot EUV transmission image of an
ensemble of carbon nanotubes (left). EUV reflection
image of 200 nm dense lines captured with a 90 sec
exposure (right).

Fig. 2. Arrays of arbitrary patterns printed on resist
using EUV Talbot optical nano-imprint (left).
Periodic array of 100 nm holes obtained in resist by
EUV interferometric lithography (right).
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Narrow-band correlation spectroscopy with broad-band laser pulses
X.G. Xu, S.O. Konorov, J.W. Hepburn and V. Milner*
Department of Chemistry and the Laboratory for Advanced Spectroscopy and Imaging Research (LASIR),
University of British Columbia, 2036 Main Mall, Vancouver, BC V6T 2K9, Canada
*
Email address: vmilner@chem.ubc.ca

Detection of atomic or molecular coherence is most naturally executed by means of coherent
optical scattering. With the advent of powerful ultrafast lasers, Coherent anti-Stokes Raman
Scattering (CARS) has become the method of choice in nonlinear optical spectroscopy due to its
high efficiency and superior sensitivity to molecular structure. Ultrafast CARS, however, often
lacks necessary spectral resolution because of the broad bandwidth of ultra-short laser pulses.
We have recently developed a new approach to ultrafast CARS, in which high spectral
resolution is achieved by shaping femtosecond pulses with random or pseudo-random noise [1,
2]. In NASCARS – noise assisted spectroscopy with coherent anti-Stokes Raman scattering – we
used the deliberately introduced noise for extracting high-resolution spectral information from
the correlations in the spectrum of coherently scattered photons (Figure below). Our technique
employs only broadband pulses, offering higher sensitivity for a given spectral power density,
and at the same time eliminates scanning time delays and optical frequencies.

References
[1]
[2]
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Sensitive detection of inhalational anesthetic molecules
by heterodyne-detected single-beam CARS
using adaptively phase-modulated femtosecond pulses
Kazuhiko Misawa, Yu Nagashima, Takayuki Suzuki, and Sumio Terada
Department of Applied Physics, Tokyo University of A& T, 2-24-16 Naka-cho, Koganei 184-8588, Japan

Abstract: We measured CARS spectra of halogenated inhalational anesthetic molecules, sevoflurane and isoflurane, by heterodyne-detection of resonant signal with nonresonant background using
adaptively phase-modulated femtosecond pulses.
Inhalational anesthetic is important clinically, especially for surgical operations. However, acceptor in the cell and
action mechanism of halogenated anesthetic are not yet clarified even now, because these anesthetic molecules are
small and difficult in labeling in cells. In order to examine distribution in the cell and in-vivo behavior of such a
halogenation anesthetic, label-free biomedical imaging with molecular specificity is required.
Coherent anti-Stokes Raman scattering (CARS) microspectroscopy has been used as label-free biomedical imaging due to characteristic frequencies of chemical bonds. CARS is more preferable than spontaneous Raman scattering,
because CARS offers higher sensitivity. However, CARS measurement requires typically two or three laser beams,
which should be carefully adjusted in space and time. This multi-beam scheme makes these experiments difficult for
daily use in biological and medical research. More advantageous method was proposed for CARS spectroscopy using phase-modulated single-beam femtosecond pulses [1]. Applying coherent-control techniques, specific vibrational
levels were excited selectively with a higher resolution than the pulse bandwidth.
The excitation light was 40-fs pulses after passing through a 4-f pulse shaper. The spectral phase of the incident
pulses was first adaptively optimized so as to obtain larger intensity and smooth spectral profile of nonresonant background signal. This nonresonant background was used as a local oscillator for heterodyne detection of the resonant
CARS signal. High-resolution measurement of vibrational levels was then realized by shifting the spectral phase in a
narrow frequency range, inducing a ±π/2 phase shift to the resonant signal relative to the nonresonant background.
The resonant signal was amplified and easily extracted by heterodyne detection.
The left-panel of Fig. 1 shows vibrational spectrum of chloroform, which was selected as a standard sample. The
well-established vibrational frequencies of 263, 369, 669 cm−1 were also obtained in the present experiment. CARS
spectrum of a typical example of inhalational anesthetic molecules, sevoflurane, is depicted in the right-panel of Fig.
1. We also measured CARS spectrum of a similar species of inhalational anesthetic, isoflurane (not shown).
To our knowledge, this is the first report on the Raman spectra of sevoflurane and isoflurane molecules.
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Fig. 1. Vibrational spectra obtained by heterodyne-detected single-beam CARS using phase-modulated femtosecond pulses. (Left) chloroform,
(Right) sevoflurane
[1] D. Oron, N. Dudovich, and Y. Silberberg, Phys. Rev. Lett., 89, 273001, (2002).
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Arbitrary vector field shaping of femtosecond pulses
by a phase-locked Mach-Zehnder interferometer
Masaaki Sato, Takayuki Suzuki, and Kazuhiko Misawa
Department of Applied Physics, Tokyo University of A& T, 2-24-16 Naka-cho, Koganei 184-8588, Japan

Abstract: We achieved reliable and stable generation of pulses with all possible polarization states
by a Mach-Zehnder pulse shaper stabilized using an external laser diode. We generated and measured
chiral pulses with a rotating major-axis of polarizing orientations at arbitrary frequencies.
Many materials such as isolated molecules, chiral molecules, and crystaline solids show optical responses dependent on light polarization due to spatial anisotropy. In order to steer these anisotropic materials to an arbitrary final
state, coherent control by applying polarization-shaped ultrashort laser pulses has been proposed[1]. In fact, conversion
between enantiomers[2], broad spectrum generation of high order harmonics[3], and control of lattice vibrations[4]
can be realized by polarization shaped pulses.
Arbitrary polarization shaping requires adjustment of spectral amplitude and phase of two orthogonal polarization
components at each optical frequency. Our pulse shaper had a 4-f setup incorporated in a Mach-Zehnder interferometer
as shown in Fig. 1[5]. Linearly-polarized pulses were split into two beams, which were independently modulated in the
pulse shaper, and these components were phase-locked and recombined so as to have a designed arbitrary polarization
state.
For an example of arbitrarily polarization-shaped pulses, we generated polarization-twisted pulses with a rotating
major-axis of polarizing orientations at arbitrary frequencies over the pulse envelop. Polarization-twisted pulses were
generated by superposition of right- and left-circularly polarized pulses with shifted center optical frequencies.
The right-upper panel of Fig. 1 shows the vectorial waveforms of polarization rotation designed at 2.5 THz. Measured and simulated vectorial waveforms of electric field envelopes are depicted in the figure. The measured vectorial
waveforms are well reproduced by the simulated waveforms calculated from the measured spectral amplitude and a
given rotational rate. The instantaneous orientation is also shown in the right-lower panel. The orientation of an elliptically polarized pulse rotates within the duration of one pulse without large change in its ellipticity. The constant rate
of polarization rotation can be verified from the linear dependence of the major axis orientations as shown in the right
panel of Fig. 1.
The relative phase stability between the two polarization components will be also discussed in the presentation.
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Fig. 1. (Left) Schematic diagram of Mach-Zehnder pulse shaper and stabilization mechanism. BS: beam splitter; SLM: spatial light modulator;
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Vibrational wave-packet control in cyanine dye molecules
with free and restricted conjugated backbones
Tomotaka Tsukamoto, Kengo Horikoshi, and Kazuhiko Misawa
Department of Applied Physics, Tokyo University of A& T, 2-24-16 Naka-cho, Koganei 184-8588, Japan

Abstract: We demonstrated vibrational control in cyanine dye molecules with both free and restricted backbones. MOPAC calculation showed similar nuclear motions between free and restricted
backbones. Excitation of mode-specific wave-packets using shaped pulses should be a general property in cyanine dye molecules.
Photochemical processes such as photo-isomerization take place on a femtosecond time scale. Using tailored femtosecond pulses, quantum control of photochemical processes can be realized by guiding the wave-packet motion
toward the direction of the reaction coordinate on the potential energy surfaces. In order to extract a clear picture of
wave-packet motions during the coherent-control experiments, we developed a highly sensitive wave-packet spectrometer, which enables us to measure the time-resolved difference transmission spectra at 20 frame-per-second[1].
In the present study, we demonstrate wave-packet control in a cyanine dye molecule DTTCI, and two other different
thiacarbocyanine dyes, SMP-39 and DNTTCI. The structures of these three molecules are very similar to each other,
but the latter two have a six-membered ring as a bridge in the molecular backbone. In these cyanine dye molecules,
electronic transition is dominantly coupled with twisting and bending motions of the conjugated backbone[2], and
these vibrational motions are expected to be restricted due to the bridge in the backbone.
Figure 1 shows the chirp dependence of the vibrational mode frequency obtained from time-resolved difference
transmission spectra for three dyes. The 4.5-THz and 14.5-THz modes are related to the twisting and bending motions,
respectively. Due to the restriction in the backbones, SMP-39 and DNTTCI showed mode splitting. However, the
twisting and bending motions waere selectively excited by a single positively chirped pulse and a pulse sequence of
negatively chirped pulses, respectively, in the same manner among these three dyes despite the restriction.
In order to explain that the wave-packet feature of the observed modes insensitive to the restriction on the backbone,
we simulated the vibrational motions by MOPAC[3]. First, we assigned the 4.5-THz mode in DTTCI to mode #15,
because this mode #15 was associated with smaller distortion in the whole backbone and its frequency was close to
the observed value.
Then, we obtained the displacement vectors of all the constituent atoms in the molecules for all the vibrational
modes. Mode similarity was evaluated by a total sum of scalar products between the displacement vectors of all 54
atoms in DTTCI and corresponding atoms for all the modes of SMP-39 and DNTTCI. We found that mode #17 with
the largest scalar product for both SMP-39 and DNTTCI. This assigned mode is also associated with small distortion
in the backbones, and the vibrational motions excited with tailored femtosecond pulses are concluded to be similar to
each other, whether free or restricted backbone.
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Fig. 1. Chirp dependence of the vibrational mode frequency, (Left) DTTCI (Center) SMP-39 (Right) DNTTCI
[1] K. Horikoshi, K. Misawa, and R. Lang, J. Chem. Phys., 127, 054104 (2007)
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Searching U.S. And Foreign Patents For Related Technologies
Dave Morrison, Associate Librarian
Marriott Library
University of Utah
801-585-6802
dave.morrison@utah.edu
The United States Patent and Trademark Office (USPTO) Patent FullText and Full-Page Images databases, and the European Patent Office
ESP@CENET database will be presented.
The U.S. Patent databases allow searchers to identify related
inventions, prior art and derivative technologies through the U.S.
Classification System. The ESP@CENET database allows us to identify
patent families from different national patent offices. The presentation
will show you how to more effectively search United States and foreign
patents; find the foreign patent equivalents to U.S. patents; stay
current on trends in your research field and the work of your
competitors; and get a better idea for the marketing and licensing
potential of new technologies. You will also be able to reduce the
amount of time and expense necessary to obtain copies of both
domestic and foreign patents.
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Session: Metamaterials
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THz meta-foil – a platform for practical applications of metamaterials
H.O. Moser1,2*, L.K. Jian1, H.S. Chen3,4, M. Bahou1, S.M.P. Kalaiselvi1, S. Virasawmy1, X.X. Cheng3, A. Banas1, K.
Banas1, S.P. Heussler1, B.-I. Wu3,4, S.M. Maniam1, Wei Hua1
1

Singapore Synchrotron Light Source (SSLS), National University of Singapore (NUS), 5 Research Link, Singapore 117603
2
Department of Physics, National University of Singapore, 2 Science Drive 3, Singapore 117542
3
The Electromagnetics Academy at Zhejiang University, Zhejiang University, Hangzhou 310058, China
4
Research Laboratory of Electronics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
*Corresponding author: moser@nus.edu.sg

Overcoming some of the limitations of our earlier window-frame bi-layer chips [1], we manufactured an all-metal,
self-supported, locally stiff, globally flexible mesh of gold which we dub the meta-foil. It features a left-handed resonance
pass-band located between 3 to 4 THz depending on specific geometry. The meta-foil can be substantially bent and heated
without compromising its function. Upon introduction of dielectrics into the mesh, the resonant pass-band is shifted,
enabling the meta-foil to be used as a sensor. Due to their versatility, meta-foils can serve various potential applications.
The meta-foil features parallel rows of S-shaped metal strings that stand upright on the main plane. Each string is
longitudinally shifted with respect to the adjacent row by half an S period. Holding together this array of parallel rows by
metal lines that transversely interconnect the S-strings in their oscillation nodes, the self-supported mesh is formed.
Current typical length, width, thickness of S and interconnecting lines are 31, 15, and 5 μm, respectively. The mechanical
strength and the spectral location of the resonances can be influenced by the periodicity of the interconnecting lines. Up
to now, S-strings and interconnecting lines form right angles, but concentric cylindrical architectures with ring-shaped Sstrings and more or less radial interconnecting lines have also been envisioned. Meta-foils may be stacked to provide more
3D extension and enhanced functionality.
At normal incidence to the meta-foil, the magnetic field can fully couple to resonance loops formed by adjacent Sstrings. The spectral response as measured by Fourier transform interferometry features two peaks of 45-60%
transmission located at 3.2–4 THz and 6.4-6.8 THz depending on geometric parameters of the S-strings and periodicity of
interconnection lines. From retrieval calculations, the lower frequency pass-band is found to be a left-handed magnetic
resonance whereas the higher frequency peak is right-handed electric. For one interconnecting line in each S period and
equidistance of all rows (1SE), the pass-band is located at 3.2 THz, for 2SE at 4 THz which can be understood by simple
equivalent circuit considerations. These two peaks reflect the resonance hybridization [2] arising from the antisymmetric
and symmetric modes of two oppositely placed U-shape resonators where the U is equivalent to half an S. If the meta-foil
is tilted by an angle α around an axis running along the S-strings, the transmission of the left-handed magnetic pass-band
decreases with cosα as expected. The meta-foil is rather insensitive to deviations from normal incidence. The right-handed
2
electric pass-band diminishes as cos α due to a partial short-circuiting among strings upon tilting.
Meta-foils are currently built using primary pattern generation by direct laser writing for making masks, three-level UV
or X-ray lithography, and electroplating while work is in progress towards plastic moulding. Parallel-processing lithography,
and ultimately plastic moulding, are the avenues of manufacturing the meta-foil cost-effectively and in sizeable volumes.
-1
SSLS is working towards hyperlenses for high-resolution microscopy in the infrared fingerprinting range (400-4000 cm ).

Fig. 1: Photo of Au meta-foil samples (left); scanning electron micrograph of a 2SP Au meta-foil, scale bar 100 μm (center); SEM image of
a warped 1SP Au meta-foil, scale bar 50 μm (right)
[1] H.O. Moser, J.A. Kong, L.K. Jian, H.S. Chen, G. Liu, M. Bahou, S.M.P. Kalaiselvi, S.M. Maniam, X.X. Cheng, B.I. Wu, P.D. Gu, A. Chen,
S.P. Heussler, Shahrain bin Mahmood, L. Wen, Free-standing THz electromagnetic metamaterials, Opt. Express 16, 13773-13780(2008)
[2] H.C. Guo, Na Liu, L.W. Fu, T.P. Meyrath, Th. Zentgraf, H. Schweizer, H. Giessen, Resonance hybridization in double split-ring resonator
metamaterials, Opt. Express 15, 12095-12101(2007)
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Session: Nonlinear Spectroscopy with Shaped Pulses and Entangled Photons
Schedule: Tuesday Morning Plenary Session 1

Stimulated CARS Resonances Revisited: Double-slit
Interference of Two-photon Pathways
Shaul Mukamel, Oleksiy Roslyak and Saar Rahav
Department of Chemistry, University of California, Irvine, CA 92697
Coherent Antistokes Raman spectroscopy (CARS) uses vibrational resonances to study
nuclear wavepacket motions, and is widely used in cell imaging, remote sensing and
other applications. The resonances usually lie on top of a parametric component that
involves no change in the molecular state and creates an undesirable background
which reduces the sensitivity of the technique. By examining the process from the
perspective of the molecule, rather than the field, we separate the two components and
recast each resonance as a modulus square of a transition amplitude which contains an
interference between two pathways, each involving a different pair of field modes. A
transition-amplitude based representation of heterodyne detected coherent anti-Stokes
Raman signals is used to separate them into a parametric component that involves no
change in the material and dissipative processes associated with various transitions
between states. Qualitatively different contributions from the two processes are
predicted for the signal generated by an overlapping narrow (picosecond) and broadband (femtosecond) pulse. We further demonstrate that by measuring the total
absorption of all field modes in a convenient collinear pulse geometry it is possible to
eliminate the parametric component and retain the purely resonant contributions.
Specific vibrational resonances may then be readily detected using pulse shapers
through derivatives with respect to pulse parameters. Pulse shaping and entangled
photons may be used to simplify these signals and dissect them into elementary
pathways.

PQE Snowbird, Utah January 5, 2010
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Session: Quantum Optics
Schedule: Wednesday evening invited session

Recoil-induced resonances for temperature measurements and all-optical
switching
G.R. White1 , K. Gordon 1 , S. DeSavage1 , D. Duncan1 , G.R. Welch2 , J.P. Davis3 , and F.A. Narducci3∗
1

2

Aerospace Mass Properties Analysis, Inc., 214 North Main Street, North Wales, Pa 19454
Institute for Quantum Studies and Department of Physics, Texas A&M University, TX 77843
3
Naval Air Systems Command, EO Sensors Division, Bldg 2187, Suite 3190, 48110 Shaw Rd
Patuxent River, MD. 20670

Recoil-induced resonances (RIR) have been demonstrated to be a method to reliably measure the
temperature of a cold atom cloud. However, these signals are typically very small. In this paper,
we demonstrate our technique to generate large RIR signals. We discuss the dynamics of these
resonances and explore the possibility of using them for an “all-optical” switch.

Recoil-induced resonances [1–3] occur when a pump field and a probe field of nearly equal frequencies
are incident on a moving atom at an angle with respect to each other. Depending on the sign of the relative
detuning between the pump and the probe and the velocity of the atom, the probe can experience gain or
loss. These resonances can be thought of as a result of stimulated Raman resonances between atomic velocity
classes and are therefore applicable to the measurement of the temperature of a cold atom cloud. However,
these signals tend to be very small and difficult to measure.
In this paper, we present our technique to measure RIR in a cold sample of 85 Rb in which we can
produce a sizeable RIR signal (see Fig. [1]). The technique depends on a rapid, dual scanning method, and
results in a large signal due to the proximity of a single photon resonance. We also discuss the dynamics of
the RIR process and show how the dynamics can be used to make an “all-optical” switch.
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FIG. 1: A measurement of the
recoil-induced resonance in our system. The blue portion of the trace
is the absorption of a probe field
without a pump field on. The red
portion is the absorption with the
pump field turned on and scanning from low frequency to high frequency. The black portion is the
probe absorption with the pump
scanning in the opposite sense. Finally, the purple portion is the absorption of the probe field, again
with no pump field.
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[1] Guo, J.; Berman, P.R.; Dubetsky, B.; Grynberg, G.; ‘Recoil-induced resonances in nonlinear spectroscopy,’ Phys.
Rev. A., 1992, 46, 1426-1437.
[2] Verkerk, P; Lounis, B.; Salomon, C.; Cohen-Tannoudji, C.; ‘Dynamics and Spatial Order of Cold Cesium Atoms
in a Periodic Optical Potential,’ Phys. Rev. Lett, 1992, 68, 3861-3864.
[3] G. Grynberg, J-Y Courtois, B. Lounis, P. Verkerk, ‘Recoil-induced resonances in cesium: An atomic analog to the
free-electron laser,’ Phys. Rev. Lett, 72, 3017 (1994).
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Speaker: Eugeni Narimanov
Session: Metamaterials 4 – New Concepts in Metamaterials
Schedule: Wednesday Morning Invited Session 2

Infinite at Any Frequency:
density of states in (meta)materials with hyperbolic dispersion.
1

Evgenii E. Narimanov and Zubin Jacob
Birck Nanotechnology Center, School of Computer and Electrical Engineering, Purdue University, West Lafayette, IN 47907, USA

Abstract: We show that (meta)materials with hyperbolic dispersion exhibit a broad bandwidth singularity
in the photonic density of states. As opposed to an isolated singularity found in other physical systems,
with the finite density of states in it vicinity, for the systems with the hyperbolic dispersion the photonic
density of states diverges at every frequency (over a broad bandwidth). This behavior leads to a dramatic
change in a verity of phenomena, from spontaneous emission to light propagation and scattering.
The photonic density of states (PDOS), similar to its electronic counterpart, is the key physical quantity governing a variety
of phenomena and hence PDOS manipulation is the route to new photonic devices. Here, we show how metamaterials can
offer an entirely new paradigm to the PDOS engineering.
In every conventional approach, a singularity in PDOS occurs at a single resonant frequency, as in a microcavity, leading to a
fundamental bandwidth limitation for device applications. In contrast to this behavior, metamaterials can exhibit an
essentially non-resonant singularity in the PDOS that occurs over a whole bandwidth, which can be nano-engineered for
specific applications.
The dispersion relation in a medium such as vacuum is spherical - implying that there is a cut off to the magnitude of the
wavevector of propagating waves – see Fig.1 (a). In contrast, a hyperbolic metamaterial (Fig. 1(b)) allows wavevectors with
infinite magnitude (in the limit of low losses) - which leads to a divergence in the photonic density of states [1]. This
divergence occurs in the entire bandwidth in which hyperbolic dispersion is achieved - thus metamaterials hold the answer
for remarkable control over light-matter interaction at room temperature.
In this talk, we will consider several manifestations of this “super-singularity” – from enhanced scattering and nonlinear
phenomena to quantum electrodynamics [1].

Fig 1: (a) The dispersion relation in vacuum is a sphere where the allowed wavevectors (blue arrow) have finite magnitude.
(b) The dispersion relation in a hyperbolic metamaterial is a hyperboloid allowing wavevectors with infinite magnitude. This
leads to a singularity in the density of states - which occurs over the entire bandwidth in which hyperbolic dispersion is
achieved.
[1] Z. Jacob, I. Smolyaninov and E. Narimanov, “Single photon gun: Radiative decay engineering with metamaterials”
IPDB2, CLEO-IQEC, 2009
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Session: Poster Session
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Evolution of a Trilinear Hamiltonian: Lessons for Hawking Radiation
and Information Loss
P. D. Nation and M. P. Blencowe
Department of Physics and Astronomy, Dartmouth College, Hanover, New Hampshire 03755, USA
We investigate the dynamics of a trilinear Hamiltonian as an analogue model for Hawking radiation
from a black hole near collapse. Going beyond the well-known parametric approximation, we derive
the conditions under which the spectrum of particles generated by amplifying vacuum fluctuations
deviates from the thermal spectrum predicted in conventional derivations of the Hawking process.
We show that these deviations require quantum back-reaction effects between the pump mode (black
hole) and signal mode (Hawking radiation). Effects from coupling to a zero-temperature bath are
also considered. By analogy with black hole dynamics, this suggests that late time Hawking radiation
contains information about the state of the black hole.

Pump( â )

Signal( b̂ )

χ(2)

Pair Particle( ĉ )

Hawking
Radiation( b̂ )

Idler( ĉ )

Black Hole( â )

(a)

(b)

FIG. 1. a.)Diagram depicting the modes involved in the dynamics of the trilinear Hamiltonian. Initial vacuum
modes are neglected for simplicity. The nonlinear interaction is generated by a system possessing a second-order
susceptibility χ(2) . b.)Equivalent dynamical elements involved in the Hawking process.
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Fiber Frequency Combs and Some Precision Measurement
Applications
Nathan R. Newbury, Ian Coddington, William C. Swann
National Institute of Standards and Technology, 325 Broadway, Boulder, Colorado 80305
nnewbury@boulder.nist.gov, 303‐497‐4227

Abstract: We discuss highly coherent fiber-based frequency combs and some of their applications
to precision measurements in optical metrology, ranging, and spectroscopy.
Work of the U.S. government, not subject to copyright.
Fiber-frequency combs work on the same principles as the original solid-state frequency combs [1, 2]. They take
advantage of the fact that the output pulse train from a passively mode-locked laser forms a comb of lines in
frequency space. By stabilizing only two degrees of freedom of this comb to a single microwave or optical
reference, the entire frequency comb is stabilized with a frequency accuracy directly set by the underlying reference.
If the comb is locked sufficiently tightly, then the comb lines can have very little (< 1 rad) phase noise with respect
to an underlying optical reference and are, in that sense, highly coherent [3, 4]. Frequency combs were originally
developed as an elegant solution to measuring the optical frequencies of optical clocks [1, 2, 5]. In addition, it is
interesting to apply these broadband, coherent, highly accurate sources to other precision measurement problems.
One interesting setup that exploits the comb’s broadband coherent output uses two coherent, phase-locked
combs. One comb serves to interrogate a system, and the second serves as a Local Oscillator (LO) to measure the
resulting signal. This system is exactly analogous to a cw laser heterodyne system except that instead of a single
frequency, a comb of frequency lines is transmitted and detected. In the time domain, the system is equivalent to a
very accurate time-domain optical sampling setup where the LO pulse train samples the returning signal pulse
electric field. We have demonstrated that such a system can precisely measure absolute distance at long range and at
a reasonably high update rate [6]. This dual-comb system can also provide very high accuracy, phase-coherent
spectroscopic measurement of a sample [7, 8] with a frequency accuracy limited only by the reference underlying
the combs. In contrast to normal absorption spectroscopy, this signal contains both the phase and amplitude of the
absorption. Therefore, the signal can be inverse Fourier transformed to yield the time-domain signal, which is
exactly the free-induction decay of the molecules after excitation by the incident pulse. (See Fig. 1.)
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Fig. 1: (a) Time-domain free-induction decay of HCN molecules at 3 Torr. (b) Expanded version of the free induction decay. (c) Time-frequency
plot of the same signal at 200 GHz resolution showing rotational recurrences as the rotating, vibrating molecules rephase.
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Black holes with hair as a normal state of matter
Theo M. Nieuwenhuizen
Institute for Theoretical Physics,
University of Amsterdam, Valckenierstraat 65,
1018 XE Amsterdam, The Netherlands
(Dated: November 5, 2009)
Recent observations put forward that quasars are black holes with a magnetic dipole moment and
no event horizon. To model hairy black holes a quantum field for hydrogen is considered in curved
space, coupled to the scalar curvature. An exact, regular solution for the interior metric occurs for
supermassive black holes. The equation of state is p = −ρc2 /3. There are two hairs, the internal
temperature and redshift. Emission of 70% of energy in radiation is needed to reach a static state,
while also matter can be ejected. At low temperature a Bose-Einstein condensation takes place, at
high T the gas becomes a plasma in which metals may form; also these phases are described.
This work puts forward that, contrary to current understanding, black holes – at least the supermassive ones – are normal states of matter. They have no event horizon, do not produce Hawking
radiation and have no relation to Bekenstein-Hawking entropy or quantum gravity. Rather, they
have hairs and a large binding energy.

Theo M. Nieuwenhuizen, Black holes with hair as a normal state of matter, preprint, UvA, 2009.
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More Gain with More Loss: Metals as Gain Enhancers and Plasmonic Nanolasers
C.Z. Ning, School of Electrical, Computer and Energy Engineering and Center of Nanophotonics,
Arizona State University, Tempe, AZ 85287, cning@asu.edu, http://nanophotonics.asu.edu

Metal-containing composite nanostructures have become a favored material choice for many
nanophotonic applications: from various novel applications of metamaterials to truly nanoscale
lasers, or SPASERs. The detrimental metal loss is thought to be the only show-stopper. While it
has been know that the metal loss can be compensated by integrating a gain element in the
wavelength range from the far-infrared to near infrared, the metal loss is thought to be too great
to compensate for shorter wavelength, especially near plasmon-polariton resonance (PPR). Our
resent work [1-4] has shown that the situation near resonance is far more complicated and the
metal loss can still be overcome in several situations. In this talk, I will present some unexpected
features of metallic structures near the PPR. Beyond being simply compensated by the integrated
gain element, we show [1, 2] that metal can actually enhance the modal gain in quite nontrivial
ways: it is possible to get 1000 times more gain with lossy metal than without. Thus, contrary to
the bad reputation of metals as lossy materials, metals play an unexpected role of strongly
enhancing the gain, leading to an extraordinarily large modal gain that is not known to exist in
any other system. A somewhat equivalent way to look at the extraordinarily large gain in a MSM
waveguide is through the concept of the confinement factor (CF) [3]. In contrast to the typical
understanding that CF is a quantity smaller than 1, CF for semiconductor gain in a metallic
structure can be as large as 100,000 near the PPR. Even though CF for metal loss is also
enhanced, the stronger enhancement of gain confinement factor leads to a net modal gain that is
1000 times larger than the material gain.
As an example of the loss compensation in a metal waveguide, we will present our recent
experimental demonstration [5] of the first truly sub-wavelength laser under electrical injection
using metal-semiconductor structures. The semiconductor-metal core-shell waveguide has a core
width of 90 nm for the wavelength around 1.5 microns. The total optical thickness of the core
including the dielectric insolating layer is roughly 50% of the half-wavelength in vacuum,
representing the first nanolaser significantly smaller than the diffraction limit.
References
[1] A.V. Maslov and C.Z. Ning, "Size reduction of a semiconductor nanowire laser using metal coating",
SPIE Proceed. 6468, 64680I (2007).
[2] D. Li and C.Z. Ning, "Giant modal gain, amplified surface plasmon-polariton propagation, and
slowing down of energy velocity in a metal-semiconductor-metal structure", Phys. Rev. B80, 153304,
2009.
[3] C.Z. Ning, “Semiconductor Nanolasers”, Phys. Stat. Sol. B, (tutorial), to be published
[4]D. Li and C.Z. Ning, “Novel features of confinement factor in a metal-semiconductor-metal
waveguide’, to be published
[5] M.T. Hill, M. Marell, E. S. P. Leong, B. Smalbrugge, Y. Zhu, M. Sun, P. J. van Veldhoven, E. J.
Geluk, F. Karouta, Y. Oei, R. Nötzel, C.Z. Ning, and M. K. Smit , "Lasing in metal-insulator-metal subwavelength plasmonic waveguides", Optics Express, Vol. 17, Issue 13, pp. 11107-11112, 2009.
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Loss Reduction and Stimulated Emission in Nanoplasmonic Systems
M. A. Noginov
Center for Materials Research, Norfolk State University, Norfolk, VA 23504
mnoginov@nsu.edu

Nanoplasmonics and nanoplasmonic metamaterials are among the most rapidly growing areas of physics and
nanotechnology, with applications ranging from sensing and nanoscopic imaging to information technology and
transformation optics. However, the development of these exciting research fields has been hindered by (i) the
absorption loss in metal, which is particularly strong at optical frequencies, and (ii) lack of active devices generating
coherent nanoplasmonic fields.
Following 1-4, we have demonstrated the compensation of loss by optical gain in localized surface plasmons 5
(SPs, oscillations of free electrons in metallic nanostructures) and propagating surface plasmon polatitons 6 (SPPs,
surface electromagnetic waves propagating at the boundary between metal and dielectric) as well as the stimulated
emission of propagating SPs in open paths 7. These results as well as the recently demonstrated stimulated emission of
SPPs in microring cavities 8 will be presented at the conference.
Of particular importance is the demonstration of SPASER and nanolaser 9. SPASER, theoretically proposed in
Ref. 10, provides for stimulated emission of surface plasmons in resonating metallic nanostructures adjacent to the gain
medium. It generates coherent surface plasmons, in the same way as a LASER generates stimulated emission of
coherent photons. SPASER is the sole means of enabling a true nanolaser, because only SP resonance is capable of
squeezing optical frequency oscillations into a nanoscopic cavity. Experimentally, we have completely overcome the
loss of localized SPs by gain and realized the SPASER in 44 nm diameter hybrid Au/silica/dye nanoparticles. The
outcoupling of SP oscillations to photonic modes (at λ=531 nm) constitutes a nanolaser.
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Fig. 1. (a) Stimulated emission spectra of the nanoparticle sample pumped with 22.5 mJ (1), 9 mJ, (2) 4.5 mJ (3), 2 mJ (4) and
1.25 mJ (5) 5 ns OPO pulses at λ = 488 nm. (b) Corresponding input-output curve.

This presentation summarizes the results obtained by nearly two dozens of contributors from four different universities. The
presenter (M.A.N.) is very grateful to J. Adegoke, M. Bahoura, R. Bakker, A. M. Belgrave, V. P. Drachev, E. Herz, J. K. Kitur, M.
Mayy, E. E. Narimanov, N. Noginova, V. A. Podolskiy, K. Reynolds, B. A. Ritzo, V. M. Shalaev, C. E. Small, S. Stout, T.
Suteewong, U. Wiesner and G. Zhu for their contributions to this work and to M. I. Stockman for stimulating discussions. M.A.N.
was supported by the NSF PREM grant # DMR 0611430, NSF NCN grant # EEC-0228390, and AFOSR grant # FA9550-09-10456.
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Quantum description of plasmons in strongly coupled metallic
nanostructures
Peter Nordlander
Laboratory for Nanophotonics, Department of Physics, MS61
Rice University, Houston, TX 77005, USA
The plasmonic couplings between closely positioned metallic nanoparticles can induce
extraordinary large electric field enhancements in the junctions between the particles of
relevance for surface enhanced spectroscopies such as SERS.[1] Such plasmonic
couplings can also lead to plasmonic interference and coherence effects that manifest
themselves as narrow Fano resonances in the optical spectra with extraordinary
sensitivities to their dielectric environment.[2] Until very recently, the modeling of the
plasmonic response of closely coupled metallic nanoparticles has been made using
classical approaches neglecting quantum mechanical effects such as electron tunneling
between the particles and screening due to the finite electron density in the junction. In
this talk we will present a fully quantum mechanical investigation of the plasmonic
response of two coupled metallic nanoparticles as a function of interparticle
separation.[3] We identify three distinct regimes of interaction. In the classical regime for
separations larger than 1 nm, the nanoparticles remain neutral and the plasmonic response
is well described using classical theory. In the cross-over regime for separations between
0.5 and 1nm, electrons begin to tunnel between the nanoparticles and a reduction of the
plasmonic couplings and field enhancements result. In the conductive regime for
separations smaller than 0.5nm, a large conductive overlap is established between the two
particles and a blue-shifted Charge Transfer Plasmon (CTP) emerges.[4] The CTP is a
collective plasmon mode which both includes a polarization of the electron distribution of
each individual nanoparticle and a significant electron current between the two particles.
[1] F. Le et al., ACS Nano 2(2008)707-718
[3] N.A. Mirin, K. Bao, and P. Nordlander, J. Phys. Chem. A 113(2009)4028-4034
[3] J. Zuloaga, E. Prodan, and P. Nordlander, Nano Lett. 9(2009)887-891
[4] J.B. Lassiter et al., Nano Lett. 8(2008)1812-1816
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Free-Space Excitation of Propagating Surface Plasmon
Polaritons
Jan Rengera , Romain Quidanta , Niek van Hulsta , Stefano Palombab ,
Lukas Novotnya,b
a) ICFO-Institut de Ciencies Fotoniques, Mediterranean Technology Park, 08860 Castelldefels
(Barcelona), Spain.
b) Institute of Optics, University of Rochester, Rochester, NY 14627, USA
novotny@optics.rochester.edu

A unique feature of surface plasmon polaritons (SPPs) is that their in-plane momentum
is larger than the momentum of free-propagating photons of the same energy. Therefore,
it is believed that they can be excited only by evanescent fields created by total internal
reflection or by local scattering. Here, we provide the first demonstration of free-space excitation of surface plasmons by means of nonlinear four-wave mixing. The process involves
the vectorial addition of the momenta of three incident photons, making it possible to penetrate the light cone and directly couple to the SPP dispersion curve. Using this technique,
surface plasmons can be launched on any metal surface by simply overlapping two beams of
laser pulses incident from resonant directions. The excitation scheme is also applicable to
other bound modes, such as waveguide modes, surface phonon-polaritons, and excitations
of two-dimensional electron gases.
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Figure 1: Principle of surface plasmon excitation by nonlinear four-wave mixing. The SPP
dispersion curve kspp (ω) (solid line) is located to the right of the light cone (shaded area)
prohibiting the excitation by a single free-propagating photon. The vectorial summation of
three incident photons, all contained within the light-cone, makes it possible to penetrate
the light cone and to couple to the SPP dispersion curve. The axes are normalized by the
plasma frequency ωp and corresponding wavevector kp = ωp /c. For gold: h̄ωp ∼ 9.1 eV.
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Three-color entanglement: generation characteristics
and robustness
A. S. Coelho1, F. A. S. Barbosa1 , K. N. Cassemiro2 , A. S.
Villar2,3 , M. Martinelli1, and P. Nussenzveig1
1

Instituto de Fı́sica, Universidade de São Paulo, Caixa Postal 66318, 05315-970
São Paulo, SP, Brazil.
2 Max Planck Institute for the Science of Light, Gnther-Scharowsky-str. 1 / Bau
24, 91058 Erlangen, Germany.
3 University of Erlangen-Nuremberg, Staudtstr. 7/B2, 91058 Erlangen, Germany.
nussen@if.usp.br

Abstract: We demonstrate the first direct generation of continuous-variable (CV) entanglement among more than two subsystems. This enabled us to entangle three light beams all of
different wavelengths. We also observed disentanglement for partial losses, a CV counterpart to
entanglement sudden death.
Continuous-variable (CV) systems are an attractive alternative to generate entangled states suitable
for quantum information tasks. Among such tasks we can mention the creation of a quantum information network, conveying information among different physical systems located at its nodes. This can be
achieved by means of multi-colored entangled light beams.
A few years ago, we showed that the optical parametric oscillator (OPO) directly generates tripartite
entanglement between the pump, signal, and idler beams [1]. Here, we present the experimental demonstration of such three-color entanglement and also investigate its robustness with respect to quantum
channel losses. A first observation of entanglement sudden death in a CV system is reported [2].

Fig. 1. Left: experimental setup; Right: symplectic eigenvalues, as a function of pump power relative to
threshold (from ref. [2]).

Work supported by Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP), Conselho
Nacional de Desenvolvimento Cientı́fico e Tecnológico (CNPq, through INCT-IQ), Coordenação de Aperfeiçoamento de Pessoal de Nı́vel Superior (CAPES), and Alexander von Humboldt Foundation (K. N. C.
and A. S. V.).
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[2] A. S. Coelho, F. A. S. Barbosa, K. N. Cassemiro, A. S. Villar, M. Martinelli, and P. Nussenzveig, Science,
DOI:10.1126/science.1178683, Published Online September 17, 2009.
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Coherent Control of Optical Fluorescence Channels in 3-Level Systems
Chris O’Brien1, Shaoyan Gao1,2 and Olga Kocharovskaya1
1Department

of Physics, Texas A&M University, College Station, Texas 77843, USA
of Physics, Xi’an Jiaotong University, Xi’an, Shaanxi 710049, China

2Department

In a three-level atomic system with allowed electro-dipole transitions the two-photon transition
is forbidden due to the selection rules and hence fluorescence on this transition is typically
negligible. However, in some situations such as in transition element doped crystals the
selection rules do not hold due to an admixture of the crystal field. Such systems can be
potentially useful, for example, for frequency conversion.
In the ladder scheme with a driving and a pump field applied a counter intuitive effect has been
proposed recently where two-photon fluorescence intensity can be higher than one-photon
fluorescence intensity due to quantum interference. Dubbed the “valve” effect it was first
predicted in scattering of Mossbauer radiation [1] and then in optical systems where all
transitions are dipole allowed [2].
In this work we show that the similar effect can be realized under certain conditions also in the
lambda and V schemes. We also study the influence of inhomogeneous broadening and discuss
the possibility of the experimental realization of this effect.

References
1. E. K. Sadykov, V. V. Arinin, F. G. Vagizov, O. Kocharovskaya, Bulletin of the Russian
Academy of Science: Physics, 71, 1205 (2007).
2. S. Gao and O. Kocharovskaya, J. Modern Optics, 56, 1941 (2009).
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Generation of induced Smith-Purcell radiation
in the absence of resonator
A.I. Artemiev 1 , D.N. Klochkov 1 , K.B. Oganesyan 2 ,
Yu.V. Rostovtsev 3 , M.O. Scully 3 , C.-K. Hu 4
1
2

A.M. Prokhorov General Physics Institute, Moscow, Russia

Alikhanyan Br.2, Yerevan Physic Institute, Yerevan, Armenia, bsk@yerphi.am
3

Texas A&M University, Collage Station, Texas, USA

4

Academia Sinica, Institute of Physics, Taipei, Taiwan

Abstract: The simplest model of the magnetized infinitely thin electron beam is considered. For
the grating, which has depth of grooves as a small parameter, the dispersion equation of the
Smith-Purcell instability was obtained. It was found that the condition of the Thompson or the
Raman regimes of excitation does not depend on beam current but depends on the height of the
beam above grating surface. The growth rate of instability in both cases is proportional to the
square root of the electron beam current.
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Generation of induced Smith-Purcell (SP) radiation by relativistic electron beam in the
absence of the resonator is considered within frame work of dispersion equation. We have
found that zero-order approximation for the solution of dispersion equation corresponds to
the mirror boundary case, when the electron beam propagates above plane metal surface
(mirror). The “mirror” boundary condition gives discrete spectrum, modes of which contain
two coupled frequencies: “high” frequency with ω = ωn + Ωbn and “low” frequency with

ω = ωn − Ωbn , where
nχ u
ωn =
,
1 − β cos θ

Ωbn = ω γ

2
b 0

ωb
−2 n ⎞
Δ bωn ⎛
⎜1 − e uγ 0 ⎟
⎟
2u ⎜⎝
⎠

Here β = u / c , u is a velocity of electrons, θ is an angle between wave vector of radiation
and direction of beam propagation.
The growth rates for both the Thompson (single-particle approximation) and the Raman
(collective regime) types of waves excitation are proportional to the Langmuir frequency

ωb

1/ 2

or square root of the beam current I b

. The conditions of excitations for both the

Thompson and the Raman types do not depend on the Langmuir beam frequency (or the
beam current), but depend on the beam height b above the grating. It is essential distinction
between the Cherenkov and the SP instabilities for the generation problem.
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Spatiotemporal coherent control with picometer and attosecond precision;
From cold molecules to bulk solids
Kenji Ohmori
Institute for Molecular Science, National Institutes of Natural Sciences, Okazaki 444-8585, JAPAN

Coherent control is based on manipulation of quantum phases of wave functions. It is a
basic scheme of controlling a variety of quantum systems from simple atoms to nanostructures
with possible applications to novel quantum technologies such as bond-selective chemistry and
quantum computation. We have developed high-precision wave-packet interferometry by
stabilizing the relative quantum phase of two molecular wave packets on the attosecond time
scale [1-6]. We have also succeeded in tailoring and visualizing spatiotemporal images of such
wave-packet interference on the picometer and femtosecond scales as shown in Fig. 1 [1,7]. Our
high-precision spatiotemporal coherent-control has been applied to the test of decoherence and
molecule-based information processing [1-6, 8]. Our latest further efforts toward the coherent
control of cold molecules and bulk solids will be also presented.

Fig. 1. Actively tailored spatiotemporal images of quantum interference on the picometer and
femtosecond scales. The relative phase of two vibrational wave-packets counterpropagating in
the iodine molecule has been tuned to (a) 0, (b) 90, (c) 180, and (d) 270 degrees, respectively.
References
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[6] K. Ohmori, Y. Sato, E.E. Nikitin, and S.A. Rice, Phys. Rev. Lett. 91, 243003 (2003).
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Generation of Superintense Laser Field in Circular Laser Array
C. H. Raymond Ooi
School of Engineering, Monash University, Jalan Lagoon Selatan,
Bandar Sunway, 46150, Selangor Darul Ehsan, Malaysia
The advancement in laser optics [1] has facilitated the synthesis of laser pulses with
extremely high intensity, reaching the nonlinear vacuum regime [2]. We have found an
alternative scheme that can generate laser field with essentially unlimited intensity. The
scheme works by directing multiple high power laser pulses synchronously through a
center point C (Fig. 1). Upon retro-reflection by a ring mirror the pulses are focused to
a single diffraction limited spot. Detailed analysis shows that intensity beyond the
nonlinear quantum electrodynamics (QED) regime of 1028W/cm2 is possible within
paraxial regime without damaging a typical ring mirror with damage threshold 1 J/cm 2.
This feat is accomplished by using lasers with large waist with a magic/optimum
number N=63 of laser beams.

Fig. 1: Multi-petawatt laser ports in the circular geometry provide superintense laser
field at point C upon retro-reflection off a circular mirror. Intensity profile (with a
moderate intensity) at 1028W/cm2 for N = 63 lasers.
References
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Infrared Metamaterials for Controlling Blackbody
Emission
W.J. Padilla1 and Xianliang Liu1
1
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willie.padilla@bc.edu

Abstract: We demonstrate metamaterial absorbers which control the emissivity spectrum of a
body at a particular temperature over a bandwidth of 50%, and may be applied as coatings to
materials to control their blackbody emission spectra.

Introduction: Metamaterials have been demonstrated which are able to achieve nearly 100%
absorption of incident radiation, over a narrow band.1 Other designs have been able to maintain high
absorption values to large oblique incident angles.2 By Kirchoff’s law of Radiation, we demonstrate
that these absorbers may also be modified to control the
emissivity spectrum of a body at a particular temperature over a
bandwidth of 50%. Thus these metamaterial surfaces may be
applied as coatings nearly any material to control their blackbody
emission spectra. We highlight the theory, simulation and present
experimental results of metamaterials controlling both absorption
and emission, and present several potential applications.
Kirchoff’s law of radiation dictates that the emissivity spectrum
EBB of a black body is equal to that of its absorptivity spectrum
ABB, which for an ideal blackbody is unity, ABB=1. Real materials
to not absorb perfectly over all frequency bands and thus the
emissivity is more properly described by a frequency dependent
“grey body”. This is simply the black body emission spectrum
multiplied by the absorption spectrum, i.e. E(ω)=A(ω)*EBB.3
Thus by building a metamaterial to yield a particular frequency
dependent absorption, and considering a particular operational
temperature, we may tailor the emissivity spectrum.
We simulated multi-band metamaterial absorbers for operation at
a particular temperature (T), based on wallpaper group
metamaterials demonstrated previously.4 For structures consisting
of n=3 or more different primitive cells, we utilize an underlying
hexagonal unit cell, where electric metamaterials are modified to
maximize the filling fraction, as shown in the top of Fig. 2.

Fig. 1. Top: Schematic and SEM
photo of the metamaterial emitter.
Bottom: The simulated and
experimental absorption of an
infrared metamaterial absorber.

We demonstrate numerical simulations consisting of n=32
metamaterial unit cells and demonstrate that we can, with great
flexibility, tailor the bandgap of a body at some temperature T. As
an example of the power of metamaterials we show a
metamaterial emitter in which the emission is tailored to follow the wavelength dependence of the
external quantum efficiency of a semiconducting bandgap material. We also discuss the various other
applications stemming from the ability of metamaterials to tailor the blackbody.
References
1 N.I. Landy, et al., Physical Review Letters 100, 207402 (2008).
2 Hu Tao, et al., Physical Review B Rapid Communications 78, 241103R (2008).
3. I. Puscasu and W. L. Schaich, Appl. Phys. Lett. 92, 233102 (2008).
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X-ray single-photon entanglement via coherent
control of nuclei
Adriana Pálffy, Christoph H. Keitel and Jörg Evers
Max Planck Institute for Nuclear Physics, Heidelberg, Germany
email: palffy@mpi-hd.mpg.de
Abstract: We show that single-photon entanglement in the keV energy regime can be
achieved by controlling the coherent radiative decay of nuclei in nuclear forward scattering.

Coherent control of nuclear excitations has been a long-time goal in nuclear physics, as it is related
to a number of promising applications such as nuclear quantum optics, isomer triggering or nuclear
lasers. Nuclear forward scattering (NFS) of synchrotron radiation (SR) is one promising experimental setup in which coherent control has been successfully applied. Ref. [1] reported suppression
of the coherent decay of nuclear excited states in NFS by switching the direction of the hyperfine
magnetic field in the nuclear target. After the coherent excitation, the change of quantization axis
via the magnetic field switching projects the excited nuclear states onto a new basis. The coherent decay can then be suppressed if the de-excitation amplitudes of the new basis states interfere
destructively, just as the excitation amplitudes do in the well-known electromagnetically induced
transparency in atomic physics.
Generalizing the magnetic switching setup in Ref. [1], we present a coherent control scheme to
generate keV single-photon entanglement in NFS [2]. The coherent scattering of the SR pump
pulse can be controlled by a sequence of magnetic field switchings such that two time-resolved
entangled coherent decay pulses with different photon polarizations are emitted, as shown in Figure
1. Since the SR pulse typically creates only one (and more often no) nuclear resonant excitation
in the target, only one photon will be emitted in either of the two entangled field modes, with no
way of knowing beforehand in which one. Due to their different polarizations, the two entangled
modes can be spatially separated with the help of state-of-the-art x-ray polarizers to give the
state |Ψi = |σi1 |0i2 + |0i1 |πi2 which is known as a single-photon field-entangled state [3]. A
method to extract the signal photons from the strong background in the NFS setup with the help
of piezoelectric fast steering x-ray mirrors is discussed.

Figure 1: Generation of the single-photon entangled state |Ψi. The SR pulse is monochromatized
(M) before it reaches the sample (S). The coherently scattered radiation is separated into three
pulses: the background (BG) emitted immediately after the SR pulse, and the delayed entangled πpolarized and σ-polarized pulses, which can be separated from the forward response by the polarizer
(P) and the piezoelectric fast steering mirror (PSM), respectively.
References:
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Characterizing multipartite entanglement with
uncertainty relations
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Abstract:
Using uncertainty relations we report the characterization of multipartite
entanglement consisting of a single photon shared among four optical paths. We discuss an
extension of this method to detect entanglement of four atomic ensembles.
Experimental access to multipartite entangled states among N parties not only enhances our knowledge of quantum
theory, since new classes of states are available, but has also emerged as an important resource for new directions in
quantum information. However, the exponential increase with N in the amount of information required to describe
the overall quantum system makes classifying and detecting such entangled states extremely difficult. Our work [1]
focuses on a class of£¡
quantum states in which
one excitation is¢¤coherently shared among N distinct modes in
¢ exactly
¡
the form of |W i = 12 |1000i + eiφ1 |0100i + eiφ |0010i + eiφ2 |0001i , shown here for N = 4, and with the relative
phases φ , φ1 , φ2 of the modes. This is a so-called W state, which plays an important role in quantum information
protocols with photonic and matter qubits, as its entanglement is known to be robust against losses.
To detect entanglement for pure states in the form of |W i and their mixed state counterparts ρ̂W , we introduce the
use of quantum uncertainty relations. By way of an exclusion principle, N-mode entanglement can be unambiguously
detected by measuring observables {M̂i } with i ∈ {1, . . . , N} more precisely than is possible with only (N − 1)-mode
entangled states and their mixtures [2]. Specifically, we consider a sum uncertainty relation ∆ = 1 − ∑Ni=1 hM̂i i2 , and its
(K)
lower bound ∆b , which is obtained for all states with at most K < N mode entanglement. For N = 4 the optimal choice
of projective operators is {M̂i } = {|Wi ihWi |}, with |W1 i = 12 (|1000i + |0100i + |0010i + |0001i) and the corresponding
orthonormal |W2−4 i [2]. We have implemented these operators using beamsplitters BS4 –BS7 (Fig. 1A).
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Entanglement verification
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BS2
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Fig. 1. (A) Diagram of our multipartite entanglement generation and verification setup. A single-photon pulse is transformed
from a single input into a four-mode entangled state by beamsplitters BS1 –BS3 . Entanglement is verified with the sequence
of beamsplitters BS4 –BS7 and photodetection. (B) Sum uncertainty ∆ as a function of two-photon suppression yc . Lines
indicate the boundaries between separable, bipartite- and tripartite-entangled states for the parameters of our experiment.

Multipartite entangled states (ρ̂W ) are created by coherently splitting a single photon into the modes 1–4. Next
(K)
we search for the signature of entanglement, a measured ∆ < ∆b , using our verification protocol. The boundaries
(K)

∆b must account for the presence of more than one excitation (i.e. > 1 photon) in ρ̂W , which can lead to a spurious
detection of entanglement. We have explored the transitions from fully separable to bipartite (K = 1), tripartite (K = 2),
and quadripartite (K = 3) entangled W states by measuring the sum uncertainty as a function of the multiple excitation
suppression yc , with our results presented in Fig. 1B.
Our demonstration that uncertainty relations can be used to verify entanglement among photonic modes has laid the
groundwork for characterization of multipartite entanglement in matter-based quantum networks. We will report on
recent progress in detecting the entanglement of four atomic ensemble quantum memories.
References
1. S. B. Papp, K. S. Choi, H. Deng, P. Lougovski, S. J. van Enk, and H. J. Kimble, Science 324, 764 (2009).
2. P. Lougovski, S. J. v. Enk, K. S. Choi, S. B. Papp, H. Deng, and H. J. Kimble, New Journal of Physics 11, 063029 (2009).

PQE-2010

199

Speaker: Vittorio Pellegrini
Session: Exciton Condensates
Schedule: Tuesday Morning Invited Session 2

Seeing inter-layer excitonic coherence in the
excitations of electron double layers
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Electron correlation in quantum Hall bilayers at total filling fraction νT = 1 leads to
an inter-layer correlated phase and, in the limit of vanishing tunneling gap,
superfluid-like behavior in counter-flow transport [1]. Such an inter-layer
correlated quantum Hall state can be understood as a Bose-Einstein condensate
of interlayer excitons by making a particle-hole transformation in one of the two
layers [1]. An intriguing phase diagram is expected to develop from the interplay
between changes in temperature, spin orientation and Coulomb interactions.
In this talk, we present evidence of excitonic coherence from measurements of
spin-flip excitations by inelastic light scattering experiments [2,3]. We shall focus,
in particular, to the limit of vanishing tunneling gap. In this case, we find that
above a critical temperature the appearance of spin-flip excitations reveals the
melting of the inter-layer excitonic phase and the emergence of a competing
Fermi sea of composite fermions (CF) driven by intra-layer electron correlation
[3]. Below a critical magnetic field the CF phase is partially spin polarized. We
find that an inter-layer coherent state emerges from both fully and partially spin
polarized CF phases. We discuss possible scenarios for the finite-temperature
interplay between these different phases including the possibility of a finitetemperature phase transition.
[1] J. Eisenstein, A.H. MacDonald Nature 432 691 (2004)
[2] B. Karmakar, V. Pellegrini et al. Phys. Rev. Lett. 102, 036802 (2009)
[3] B. Karmakar, V. Pellegrini et al. Phys. Rev. B Rapid Comm. in press
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Transformation Optics
& the Control of Electromagnetic Radiation
JB Pendry
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Abstract: Ray optics gives us some control over propagation of light, but fails to account for the
wave nature of light. Even more spectacularly it has nothing at all to say about controlling the so
called ‘near field’. In contrast the new technique of transformation optics offers the possibility of
complete control of radiation, correct to the level of Maxwell’s equations. Using this technology we
can specify the material parameters needed to arrange the electric fields, magnetic fields and the
Poynting vector almost as we choose.
It was Michael Faraday who stressed the importance of ‘lines of force’. He could see magnetic lines of
force aligning iron filings placed near his magnets and for him they represented physical reality. Lines of
force are continuous and their density represents the strength of a field. Likewise electric field lines are also
continuous at least in the absence of electrical charges. In fact any conserved vector quantity can be
represented in this way, and we can add the Poynting vector, representing the flow of electromagnetic
energy, to this set. The Poynting vector is merely the mathematical representation of a ‘ray’ of light.
Maxwell’s equations are a mathematical realisation of Faraday’s work. They describe the phenomena of
classical optics and it has long been known that their form is invariant under coordinate transformations.
For example if we first write down the equations using a Cartesian system,
∇ × E = − μ ( r ) μ 0 ∂H ∂t

∇ × H = + ε ( r ) ε 0 ∂E ∂t

where μ and ε are respectively the magnetic permeability and electrical permittivity tensors, then
rewriting the equations using a cylindrical coordinate system changes only the values taken by μ and ε .
This invariance of form is true under any coordinate transformation. Further references can be found in [1].
Following in the footsteps of Faraday we can give physical meaning to a coordinate transformation as
follows: imagine starting from a Cartesian system with a given set of electric and magnetic fields, and their
associated Poynting vectors. Next imagine that the coordinates are continuously distorted into a new system.
Transformation optics was born of the realisation that lines of force are effectively glued to the coordinate
system [1. As the system is distorted it carries with it all the associated fields. Hence to guide the trajectory
of a ray of light we need only distort the underlying coordinate system, automatically taking with it the
light ray. Knowledge of the transformation in turn provides the values of μ and ε required to steer the
light in this way.
The theory is exact as far as Maxwell’s equations are concerned and applies as much to steering magnetic
and electric fields as it does to steering rays of light. Further details of the theory can be found in [2 3]
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Abstract: A method to access and control isolated attosecond pulse contrast is presented, based on scanning the
Carrier-Envelope Phase (CEP). The optimized pulses produced time-resolved streak-field photoelectron data in
molecules (SF6, N2).

Isolated attosecond pulses generated by high-order harmonic generation (HHG) of laser light are currently the most
temporally precise tools to observe and measure time-resolved quantum dynamics. Applications in spectroscopy have been
reported for atoms [1,2] and solid-state systems [3]. It is well-known that the carrier-envelope phase (CEP) of the driving
laser pulse plays a crucial role in achieving an isolated attosecond pulse [4].
Here, we present and experimentally demonstrate [5] a scheme to measure and optimize the contrast of an isolated
attosecond pulse, i.e. the amount of energy within the main attosecond pulse divided by the energy in the satellite pulses.
The method is based on streak-field acceleration of electrons produced by the attosecond pulse in the electric field of the
intense driver pulse as a function of its CEP. Moreover, it is possible to directly optimize and determine, in a fast (~1
minute) and efficient (no additional optical components) manner, the CEP for which the highest attosecond pulse contrast is
achieved (Fig. 1).
Fig.1: Retrieving and optimizing isolated attosecond pulse contrast by
scanning the carrier-envelope phase (CEP) of the high-harmonic driver
pulse. (a): Experimental data of photoelectron spectra produced by the
combined action of the attosecond and the intense laser pulse in Ne
(2p photoelectrons) as a function of CEP. (b): Contrast analysis by
dividing the integrated electron counts at energies higher than the
field-free energy (indicated by dotted line) by the integrated counts at
a CEP shifted by π. For this measurement, the attosecond pulse
contrast (main pulse energy divided by total satellite pulses’ energy) is
determined to be ~2.3. (c): Simulation of CEP-dependent
photoelectron spectra. (d): Comparison of contrast reconstruction
from the CEP scan (blue circles) with exact attosecond pulse contrast
(grey circles) directly accessible in the simulations. The good
agreement validates the contrast retrieval method.

The optimized pulse is then used to perform streak-field spectroscopy on photoionization of N2 and SF6 molecules by
the attosecond HHG pulse. Fig. 2 shows the photoelectron spectrum obtained in SF6 produced by the combined action of
the attosecond and intense near-infrared pulses as a function of their relative time delay in a two-dimensional contour plot,
where larger times mean x-ray pulse arriving earlier. A clear signature of the laser pulse time-integrated electric field
(Coulomb-gauge vector potential) can be observed encoded in the photoelectron energies near 80 eV around zero time delay
τ. A less intense optical pre-pulse is also detected at τ~12 fs.
Fig. 2: Optical streak-field spectroscopy with isolated
attosecond pulses on SF6 molecules in the gas phase. The
time-integrated electric field of the intense visible laser
pulse is mapped out by varying the time delay between
the laser pulse and the attosecond pulse. Both valence
electron emission (around 80 eV) and emission from
inner-valence states of SF6 (around 55 eV) are observed.
References
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Attosecond control experiments
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Abstract: Few-cycle carrier-envelope-phase(CEP)-stabilized laser fields are used to control electron dynamics in
processes such as attosecond-pulse/high-harmonic generation (HHG) and above-threshold ionization (ATI). The
quantum interference of multiphoton ionization pathways creates an asymmetry of the outgoing electron partial waves
in ATI that we detect experimentally. For stronger fields, electron motion can be partially described by Newtonian
mechanics, enabling the classical control of electron trajectories that becomes evident in measured HHG spectra.

Coherent control of time-dependent electronic wavefunctions is a declared goal of ultrafast quantum physics. Besides being
of fundamental scientific interest (e.g. the creation of novel and exotic quantum states, dynamics, and phases), numerous
applications are conceivable such as optimal control of chemical reactions by directly steering the valence electrons
responsible for bond formation, ultrafast optical switches, telecommunications, and THz (quantum) computers. While
electron motion is fundamentally governed by quantum mechanics, it is now well-known that in strong fields, when the
accumulated action of the electron becomes large compared to ћ, electron motion can be successfully described in quasiclassical frameworks.
Here, we demonstrate control of electron dynamics for both cases, the fully quantum regime in which the phases of
different electron ionization pathways is acted upon by the carrier-envelope phase (CEP) of a laser field [1,2] and the quasiclassical control of electron trajectories in the process of high-order harmonic generation (HHG) [3,4].
Fig.1: ATI photoelectron spectrum (above) and spatial asymmetry map of photoemission (below)
as a function of electron momentum and CEP ϕ (red color indicates electrons going up, blue down).
Three ATI peaks with spacings of 1.6 eV can be observed (marked by vertical black lines) in the
photoelectron spectrum. At the position of these peaks, only minimal asymmetry is found, whereas
at positions between the peaks the asymmetry is most pronounced and depends sinusoidally on the
CEP. As the ATI peaks are very broad due to the octave-wide laser spectrum of the 6 fs ionization
pulse used, there is significant overlap between neighboring peaks. As the peaks have opposite
spatial parity (odd vs. even number of photons absorbed from the same ground state), and their
relative quantum phase depends on the CEP of the laser, the latter can be used to control the spatial
asymmetry of electron emission.

In our experiments on above-threshold ionization (ATI), electrons are ionized in the multiphoton regime in Xe (Fig. 1),
leading to several ATI electron peaks spaced by the laser photon energy (1.6 eV). Each peak corresponds to different
photon numbers n being absorbed by the ionizing electrons. For odd vs. even n, the outgoing electron partial waves are of
opposite parity and interference among them can lead to a spatial asymmetry of the experimentally detected final-state
amplitudes. The relative phase among different electron ionization paths can be adjusted by the CEP of the laser, leading to
controlled directional emission of electrons due to quantum interference, as observed in our experiments.
Separate experiments on high-harmonic generation (Fig. 2) allow us to access the ultrafast quasi-classical kinetics of
electrons in stronger laser fields by measuring a spectral signature of their maximum kinetic energy at recollision with their
parent atoms. This maximum kinetic energy can be controlled by the CEP. In combination with a macroscopically
coherent collective medium response, this allows us to generate wavelength-tunable isolated attosecond pulses.
Fig. 2: High-harmonic generation spectra for low-intensity (left)
and high-intensity (right) few-cycle driver pulses as a function of
the controlling CEP. The photon energy encodes the kinetic
information of recolliding electrons and allows the observation of
a new regime of attosecond pulse generation (ionization gating).
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Abstract: Interest in nano-optics revolves around shrinking down the light scale to electronic wavefunctions so that
matter and light can interact more seamlessly. In the past, most studies are done on diffraction-limited optical
cavities which rely on a high Q-factor to enhance the interaction between light and matter[1-3]. However, the
interaction is limited by the narrow spectral characteristics of both the emitter and the cavity. Reducing the spatial
size of the light beyond its diffraction limit can get around this problem, which means that a high-Q cavity is not
necessary. Surface plasmon polaritons which are propagating charge density waves with an associated
electromagnetic field at a metal-dielectric interface are known to support sub-wavelength localization. We have
previously demonstrated that the dramatic energy concentration in a hybrid plasmon waveguide [4] can enhance the
material gain to sufficiently compensates for Ohmic loss in metal and to achieve sub-diffraction lasing [5]. For
example, recent demonstrations have shown 2x-2.5x enhancement of radiative coupling of semiconductor
nanocrystals and diamond NV-centers to metal nanowires [6,7] and metal nanoparticle[8]. In this work we report
some experiments on spontaneous emission rate measurements of CdSe/ZnS quantum dots placed in the nano-scale
gap between a silver surface and a ZnO nanowire. This arises from coupling to a sub-wavelength (λ2/100) plasmonic
mode in contrast to cavity enhanced coupling.
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Condensation of exciton-polaritons in a semiconductor microcavity
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Exciton-polaritons are quasi-particles that arise in the semiconductor system
due to a strong coupling between the photons confined in the cavity and the excitonic
transition in the quantum well. They inherit two important properties from both
components that allow the exciton-polaritons to condense in easy achievable
cryogenic temperatures. The excitonic part is responsible for the inter-particle
interactions while the photonic part provides a light mass.
The first experimental works on the condensation of exciton-polaritons have
demonstrated the key features of exciton polaritons condensate in the steady state: a
massive occupation of a single quantum state and the existence of long-range spatial
coherence above a population threshold [1]. This observation triggered many
interesting works where polariton superfluidity [2], excitation spectrum [3], time
coherence of the first and second order correlation function [4] were demonstrated.
In this talk we will show the experimental illustration of the most important
properties of exciton-polariton condensate, including our most recent experimental
results revealing the existence of full and half quantized vortices [5]. We will then
concentrate on the mechanisms that lead to the condensation in exciton-polariton
system and will demonstrate how the long-range order builds up throughout the phase
transition [6].
[1] J. Kasprzak et al., Nature 443, 409 (2006) ; S. Christopoulos, et al., Phys. Rev. Lett. 98, 126405 (2007) ; R.
Balili, et al., Science 316, 107 (2007) ; D. Bajoni, et al., Phys. Rev. Lett. 100, 047401 (2008).
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[4] A. P. D. Love, et al., Phys. Rev. Lett. 101, 067404 (2008) ; J. Kasprzak, et al., Phys. Rev. Lett. 100,
067402 (2008)
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We have numerically investigated the lasing threshold of three-dimensional (3D)
diffusive random lasers composed of pointlike scatterers. The lasing threshold is
determined by the mode with the smallest decay rate. The dependence of the lasing
threshold on the system size is shown to follow a power law that reflects the diffusion
law for the lasing threshold [1]. This result is shown to apply even when the system is
very close to the Anderson localization transition. We suggest that this finding
corroborates the scenario in which extended modes are at the origin of random lasing in
the diffusive regime, as revealed by experiments [2].
In addition, we have investigated the influence of external magnetic fields on the
distribution of quality factors P(Q) of 3D disordered systems composed of Faradayactive pointlike scatterers, both in the diffusive and localized regimes of light transport
[3]. From the analysis of P(Q) we conclude that exponentially localized (and
prelocalized) electromagnetic quasimodes depend on time-reversal symmetry. We
suggest that this dependence could be explored in the development of a magnetooptical random laser, in which the threshold could be tuned by the application of a
magnetic field [3]. We also argue that such laser could be used to experimentally test if
prelocalized modes are at the controversial origin of random lasing with coherent
feedback in diffusive systems [2,4]. Clouds of cold atoms, which are currently being
investigated as random lasers [5,6], could be employed to experimentally investigate
magnetic field effects in random lasers due to their huge magneto-optical activity [7].
[1] F. A. Pinheiro and L. C. Sampaio, Phys. Rev. A 73, 013826 (2006).
[2] S. Mujumdar, M. Ricci, R. Torre, and D. S. Wiersma, Phys. Rev. Lett. 93, 053903
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Bragg Spectroscopy has proven to be a powerful tool in the cold atom community and
has validated some our most basic ideas regarding excitations of dilute gas Bose-Einstein
condensates (BEC). Speciﬁcally, it has provided one of the clearest measures of the most
elementary excitations of the system, phonons [1]. We report on the development of a
photon counting technique, which we use to measure the change in photon number during a
Bragg process. This information is both independent and complementary to the usual time
of ﬂight techniques used to measure Bragg excitations. The strength of photon counting
is most apparent in studying the lowest of momentum excitations, where signal to noise is
inherently worse in a time of ﬂight analysis. We hope to take advantage of our method to
study low momentum excitations in a strongly interacting 85 Rb condensate, where the time
scales for loss are faster than those required for time of ﬂight.
The technique we employ could be considered spectroscopy in its most fundamental form.
Our signal will be the change in the number of photons in one of the Bragg beams due to
the excitations stimulated in the condensate. Depending on the number of atoms in the
condensate, and the fraction one plans to excite, this could be an extremely small, at least
from a technical perspective, number of photons. For a challenging species like 85 Rb, where
we reliably produce 40,000 condensed atoms this would mean measuring a diﬀerence of 5,000
photons. We overcome the limitations of detector noise by using a heterodyne scheme where
we have demonstrated shot-noise limited measurements of our Bragg excitations.
The physics of what we are studying makes this solution not only elegant, but necessary.
Our goal is to study the dispersion of a strongly interacting superﬂuid with our dilute gas
BECs, and in the end draw comparisons to nature’s strongly interacting superﬂuid, liquid
He II. We access these strongly interacting regimes by using the Feshbach resonance in 85 Rb.
This comes at the cost of short lived condensates due to the rapid increase in heating rate
due to 3-body collisions for the high values of na3 we wish to study.

[1] J. Steinhauer, R. Ozeri, N. Katz, and N. Davidson, Phys. Rev. Lett. 88, 120407 (2002).
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Interaction Effects in Anderson Localization of an Ultracold Atomic Gas
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The multiple scattering of waves passing through a disordered landscape can lead to exponential localization of wavepackets, so-called Anderson localization. Realizations of the
Anderson model have been made in several media, including light waves [1], but it is in ultracold atomic systems where exquisite control over the nature of the disorder as well as the
properties of the wave itself can be accomplished [2]. One of the most interesting modifications
of the Anderson model is the addition of a non-linear interaction. Questions as to whether or
not the addition of this interaction leads to the break-down of localization at long times is still
unanswered [3].
We perform expansion experiments of an ultracold gas of 7 Li in a one-dimensional guide
with superimposed optical speckle for disorder. A broad Feshbach resonance exists in the |1, 1i
hyperfine state allowing the s-wave scattering length a to be controlled over a range of nearly
7 decades, including a shallow zero-crossing [4]. Of particular interest is the regime of weak
interactions where the condensate healing length is comparable to the disorder length scale,
allowing for the observation and study of Anderson localization.
Each expansion begins with a confined Bose-Einstein condensate with a well defined
momentum distribution. The relationship between the highest momentum and the characteristic size of the disorder determines if global localization of the cloud occurs. We vary the
initial momentum by adjusting a with the Feshbach resonance. We observe a crossover from
exponential localization at low initial momentum to algebraic localization at larger values. In
addition, we report on the progress of expansion measurements designed to evaluate effects
interactions have on localization.

a<0

a∼0

a>0

In situ polarization phase-contrast images of ultracold atoms with different interactions strengths. In a
non-interacting gas, the cloud size is
nearly equal
√ to that of the harmonic
trap l = ~/mω, where ω is the axial
harmonic frequency. With repulsive
(attractive) interactions the cloud size
increases (decreases) from l.
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Abstract: We present two novel regimes of high harmonic generation with contrasting
microscopic and macroscopic parameters both allowing extending the harmonic emission to
photon energies above 0.5 keV.
In high harmonic generation from either atoms or ions, the highest photon energy, hνcutoff, is given by the cutoff
rule: hνcutoff = Ip + 3.2 Up. Here, Up is the cycle-averaged kinetic energy of a free electron in the oscillating field of a
laser (Up ∝ ILλL2 where IL and λL are the laser intensity and wavelength), whereas Ip is the ionization potential of the
atom or ion. At high photon energies, the cutoff rule scales approximately linearly with the laser intensity and
quadratically with the laser wavelength. For large atoms such as Ar, Kr, and Xe, however, harmonics at high photon
energies (e.g., >150 eV in Ar) must be generated from ions. This presents a significant challenge because the
presence of a free-electron plasma in an highly ionized medium dramatically reduces the coherence length for HHG
emission, while also leading to ionization-induced laser beam defocusing. As a result, significant HHG from Ar ions
has only recently been observed in either gas-filled hollow waveguides (250 eV) [1] or plasma waveguides (275 eV)
[2], since these geometries counteract plasma-induced defocusing to maintain high laser intensity. Alternatively,
higher photon energies can be generated by using longer laser wavelengths. Thus, one can reach the same photon
energy at lower laser intensity corresponding to very low ionization level of the medium. This dramatically increases
the photon energy range over which the HHG process can be phase matched [3, 4].
In the first regime of HHG, we demonstrate experimentally that by combining self-compression of near-IR laser
pulse (λL =0.8 µm) with high harmonic generation within a single waveguide filled with gas at fraction of an
atmosphere, we can enhance the laser intensity to generate harmonics from multiply ionized species for the first
time, in particular doubly-ionized argon [5]. The fractional ionization level of the medium is 300%, corresponding to
fully depleted Ar2+. In this case, the extended non-phase-matched HHG emission to above 0.5 keV results from
enhanced laser intensity in the interaction region.
In a contrasting parameter regime, by increasing the laser wavelength from the near-IR to the mid-IR (λL=2.0
µm) we observed bright HHG emission from weakly ionized He at 0.5 keV under perfect phase matching
conditions. For comparison, the ionization level of the medium is <1%. The rapidly decreasing microscopic singleatom yield, predicted for harmonics driven by longer-wavelength lasers, is compensated macroscopically by an
increased optimal pressure for phase matching and a rapidly decreasing reabsorption of the generated X-rays [3, 4].

Fig. 1 Regime I. (A) Self-compression in waveguide at 300% ionization of Ar. (B) Enhanced non-phase-matched HHG emission from highlyionized low-density gas extending to >0.5 keV. Regime II. (A) Calculation of the maximum photon energy that can be perfectly phase matched (a
phase matching cutoff) as a function of the laser wavelength. (B) Fully phase-matched HHG emission from weakly ionized large-density gas
extending to >0.5 keV.
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On the Quantum Theory of the FEL
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The free-electron laser (FEL) is an alternative laser device with a widely
tunable wavelength of the emitted radiation. Usually, FEL’s operate in the
so-called classical regime where quantum effects can be neglected. Recent
developments in accelerator and laser physics permit the realization of a
FEL in the quantum regime. We discuss the effects emerging in a quantum
FEL by taking a look at the time evolution of the density operator of the
system.
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Laser inducced molecular alignment onn slow and faast time scalees is attractingg significant attention.
a
Variious
applications based on the time-dependent
t
t alignment off molecules werre suggested1 and demonstraated, ranging from
fr
optical gatinng and alignmeent-dependent strong field ionization to moolecular phase modulators fo
or the compresssion
of ultrashortt light pulses2. We have expperimentally ddemonstrated seelective alignm
ment of close molecular
m
speccies,
isotopes and
d nuclear spin
n isomers3, an
nd more recenntly we discuussed unidirectional rotationn induced by the
application of
o two ultrafastt pulses4.
For single pulse
p
alignmennt schemes, as well as for techniques ussing multiple pulses polarizzed in the SA
AME
direction, noo preferred sensse of rotation exists
e
due to thhe axial symmeetry of excitatioon. In our scheme, we applyy the
first linearly polarized pulsse (first red arrrow, Fig. 1) aloong the z axis and
a let the mollecules rotate until
u
they reachh an
me of maximall alignment, the
t molecules are confined in a narrow cone around the
aligned statee. At the tim
polarization direction of th
he first pulse. At
A this momennt, a second pullse, linearly poolarized at 45 degrees
d
to the first
one (second red arrow, Figg.1), is appliedd, and thereby induces unidirectional (clocckwise) molecuular rotation. The
angular distrribution in the azimuthal planne is given by tthe observable cos 2 ϕ ( ϕ iis the azimuthaal angle) whichh for
single pulse excitation rem
mains 0.5 and iss time independdent. The deviation from the isotropic valuue (Fig.2) indiccates
way to control kinetic
k
and opttical
persistent higghly anisotropiic angular distrribution whichh, in turn, offerss an efficient w
properties off the gas mediuum.

Fig.1
1. The molecular response
r
to the double pulse

2

Fig.2. cos ϕ

At the other extreme, slow
w alignment of large
l
moleculees has been
d and discussed as a means of
o forming two--dimensional
demonstrated
crystals at liqquid air interfaaces. Monolayyers of amphiphhilic moleculess at
the air-waterr interface tend
d to self assemb
ble into a “2D ppowder” where the
molecules arre randomly aliigned at the intterface plane. W
When illuminaated
by linearly polarized
p
laser light, the moleecules align, forming a 2D cry
ystal5
6
(Fig.3). In ouur experimentss , a large lineaar molecule waas synthesized
(consisting of
o a sequence Pro-Lys-Phe-G
P
Glu-Phe-Ser-Phe-Lys-Phe-Gluu-Pro)
that spontaneeously forms a dimer-strand. When laser illluminated undeer the
proper condiitions, an orderred 2D crystal is formed whicch may be tran
nsferred
onto a solid support and bee examined by AFM.
The potentiaal of both alignment domains will be discusssed.

following the douuble pulse excitatioon

Fig.3. AFM topographhy of an alignedd 2D
crystaal (left) and its Fou
urier transform (rig
ight)
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Speaker: Valentyn Prokhorenko
Session: Nonlinear Spectroscopy with Shaped Pulses and Entangled Photons
Schedule: Tuesday Morning Invited Session 1

Coherent Multidimensional Spectroscopies with Coherent Control
Capabilities
R. J. Dwayne Miller, Valentyn I. Prokhorenko
Departments of Chemistry and Physics, the Institute for Optical Sciences,
University of Toronto
80 St. George Street
Toronto, Ontario, Canada M5S 3H6
email: dmiller@lphys.chem.utoronto.ca
Advances made using diffractive optics based interferometers have opened up the field of
multidimensional coherent spectroscopies by availing a simple, single optic, approach to
attain phase locked pulse sequences. The ability to multiplex UV to IR wavelengths
using intrinsically phase stabilized interferometer designs opens up a new domain of
spectroscopy (ν-wave mixing). Complex phase locked pulse sequences have been
demonstrated ⎯ over the entire visible to IR spectrum. We now have a means to both
probe and control quantum coherences directly related to chemical processes. As a single
example, this methodology has been used to solve one of the longest standing problems
in spectroscopy, i.e. the homogeneous versus inhomogeneous nature of the vibrational
spectrum of liquid water. The key findings are that the primary excitations of water are
excitonic in nature and there appears to be no clear separation in time scales to use the
typical modal basis descriptions for liquids. These new insights have important
consequences in how we think about water’s role in supporting biological functions.
Further, recent results obtained using new coherent control strategies for
multidimensional spectroscopies will be discussed in terms of probing level-dependent
dephasing and quantum decoherence, as well as evidence for controlling quantum
decoherence in complex systems. These new developments have attained what can be
considered the optical equivalent of NMR. However, rather than manipulating couplings
between nuclear spins to map structures, we have the ability to manipulate electronic and
vibrational coherences to map reaction dynamics.
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Speaker: Stojan Radic
Session: Recent advances in fiber-based devices
Schedule: Monday Morning Invited Session 1

Distributed Mixer Engineering with Molecular‐Scale Accuracy
S. Radic
University of California San Diego, 9500 Gilman Drive,
La Jolla, CA 920930407, Email: sradic@ucsd.edu, Telephone: 8585344434, Fax: 8585341225

Abstract: Parametric wave interactions over long lengths enable net‐positive mixers operating
over bandwidths of order 200THz. Similar to conventional devices, a distributed mixer must
maintain phase matching, which requires nanometer‐scale control along its entire length. To
accomplish this goal, localized four‐photon mixing is used to map molecular‐scale fluctuations
of a highly nonlinear fiber and to synthesize an arbitrary mixer response.
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Distributed Mixer: offers long interaction length but also requires
nanometer‐scale control over waveguide transverse geometry in order to
maintain strict local phase‐matching condition.

Parametric wave mixers have been
recently used to demonstrate a
20THz‐wide sampling gate1, frequency
conversion over 100THz2 and real‐
time analysis of ultrafast signals2. In
contrast to traditional wave exchange
in crystalline, centimeter‐long devices,
this new class of mixers utilizes long,
high‐confinement fibers transparent
enough to support parametric
interaction over hundreds of meters.
Indeed, a distributed mixer possesses
five‐orders‐of‐magnitude
longer
length than that of a crystalline device.
Consequently, a distributed mixer has
a vastly superior figure of merit, even
if a low‐nonlinearity material such as
silica is used.

Unfortunately, long device lengths also impose limitations on mixer performance, as illustrated above. Small
axial fluctuations in fiber cross‐section, inherent to any fabrication process, vary the phase‐matching
condition drastically along the mixer length. Indeed, high‐confinement fibers must be manufactured with sub‐
nanometer radial precision to synthesize spectrally equalized responses beyond 10THz bandwidth. While
recent fabrication has led to new types of silica fibers approaching this limit, the fundamental physical limits
must be recognized: the glass building block has a diameter of only 0.6nm, as defined by the basic Si‐O
molecular ring. In practical terms, this means that a 100m‐long mixer would require a drawing process
possessing molecular‐scale accuracy along kilometers of fabricated fiber. This requirement, called the
stochastic parametric barrier2, is a fundamental limitation preventing the synthesis of arbitrary‐bandwidth
distributed mixers.
Rather than insisting on unphysical fabrication tolerances, distributed parametric synthesis can be achieved by
mapping nanometer-scale fiber fluctuations. By obtaining exact, molecular-scale knowledge about the fiber
transverse geometry, it is possible to either select a set of unique fiber segments or alter the fiber geometry in a
localized manner; examples of both methods will be described.
To accomplish this goal, a new characterization method based on four-photon mixing localization was developed
and applied to nanometer-scale transverse variations along hundreds of meters of high-confinement fiber. This
approach allowed for first construction of distributed mixers capable of 20THz bandwidth and 100THz wide
frequency conversion. New FPM localization physics has basic implications for nanometer-scale, non-destructive
measurements, sensing and device fabrication and will be briefly outlined.

References
1.
2.

A.O.J. Wiberg, et. al., IEEE Photon. Technol. Lett., vol. 21, no. 21, pp. 1612–1614, 2009.
S. Radic, Laser and Photonics Reviews, Wiley, v2. No. 6, pp. 498‐513, 2008.
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Speaker: Ernst M. Rasel
Session: Quantum Carpets
Schedule: Thursday evening invited session

Titel of talk:

„Giant Matterwaves“
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Speaker: Serge Reynaud
Session: Unruh Effect
Schedule: Tuesday evening invited session

Dynamical Casimir radiation and analogues
Serge Reynaud and Astrid Lambrecht

Laboratoire Kastler Brossel, ENS, UPMC and CNRS, F-75252 Paris Cedex 05, France

Relativity of motion in empty space is one of the basic principles of physics. But the face
of this principle is changed in quantum physics. Quantum vacuum is not empty and it
contains field fluctuations which exert mechanical effects on scatterers.
For macroscopic objects, the archetypal effect of vacuum is the Casimir force arising
between two mirrors at rest. For a moving mirror, there also exists the Fulling-Davies
force opposing itself to the motion1. This dissipative force is directly connected to the
fluctuating vacuum radiation pressure acting on the mirror at rest through fluctuationsdissipation relations2. For a perfect mirror moving in a one-dimensional space, the
dissipative force is proportional to the time derivative of the mirror's acceleration, which
raises interesting questions about the stability of this motion3.
These effects related to motion in vacuum have never been observed for macroscopic
objects because the orders of magnitude are exceedingly small for the fluctuating force
as well as the dissipative one. Ideas for improving the orders of magnitude are to look
for the photon emission associated with dissipation and to study a cavity oscillating in
vacuum rather than a single mirror, in order to take benefit of the resonant enhancement
of the dynamical Casimir radiation4. The number of radiated photons is thus amplified by
a factor of the order of the cavity finesse under resonance conditions. Radiation shows
signatures which could help to discriminate it from stray effects5.
Even with these ideas, the experimental observation of
dynamical Casimir radiation remains a technical
challenge. The interest of such an observation has thus
led to new proposals using various analogies to make it
reachable6. One possibility is to simulate the
displacement of a mirror by modulating the skin depth of
a semiconductor7. A recent related proposal is to
generate an analogue of Casimir radiation by using a
type-I optical parametric oscillator (OPO). This common
quantum optical device can be driven in a Casimir-like
radiation regime where the field experiences the same physical situation as it would with
a moving cavity8. Orders of magnitude are more favourable in the analogue experiment
than in the original one, due to the fact that the former avoids mechanical motion, which
is the limiting factor in the latter one.
1
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and R. Onofrio, Phys. Rev. Lett. 96 (2006) 200402; T.G. Philbin and U. Leonhardt, Science 319
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Speaker: Martin Richardson
Session: Novel Optics
Schedule: Tuesday Morning Invited Session 2

A new kid on the block - the thulium fiber laser
Martin Richardson,
Townes Laser Institute,
College of Optics & Photonics
University of Central Florida,
Abstract
The award of the Nobel Prize last year to Charles Kao for the development of optical fibers, which signaled
the onset of the telcom boom and the explosive growth and subsequent crash of the market in high
bandwidth communications technologies, has another story. At the lowest point in the telcom meltdown,
another, un-related technology was emerging unannounced from the ashes. Fiber lasers, first demonstrated
by Spitzer at the dawn of the laser age, had long languished in the backwater of laserland, for want of an
effective method of pumping. At the very time of the denouement of optical fiber communications
technology, high power fiber-coupled laser diodes arrived on the scene. Coupled with the innovations of
waveguide cladding, large mode fiber design and the development of fiber Bragg gratings and fiber
combiners and couplers, by the turn of the present decade a new optical fiber technology was taking off.
Since then the performance of fiber lasers has risen exponentially, reaching powers of beyond 10 kW, their
overall efficiency has reached phenomenal levels, and the challenge is now on to achieve 100 kW. This
expansion has almost exclusively been driven by Yb-doped fibers pumped by 970 nm diodes, oscillating at
1060 nm. This versatile laser, with < 10% quantum defect has driven a market that is close to approaching
that of conventional solid-state lasers, ~ $400M/year, and is expanding ~20% /year. In this talk we use this
history to describe the development of a sister to this laser, the 2 um thulium fiber laser, now following a
very similar development path. Pumped by 790 nm high power diodes this laser utilizes an unusual crossrelaxation excitation scheme resulting in slope efficiency approaching 70%, with and powers at present at
the kW level. We discuss the potential of this laser, with its broad bandwidth (~ 200 nm) that both spans an
interesting region of the atmospheric transmission spectrum, and can in principle sustain femtosecond
ultrashort pulses. Perspectives on its future applications in medicine, manufacturing and defense will be
given.
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Speaker: Max Riedel
Session: Spatial interferometry on atom chips
Schedule: Tuesday evening invited session

Atom chip based generation of entanglement for quantum metrology
Max F. Riedel,1, 2 Pascal Bo
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Entanglement-based technologies, such as quantum information processing, quantum simulations, and quantum
metrology, have the potential to revolutionize our way of computing and measuring, and help clarify the puzzling
concept of entanglement itself. Ultracold atoms on atom chips are attractive for their implementation, as they provide
control over quantum systems in compact, robust, and scalable setups. A severe limitation of atom chips, however,
is that techniques to control atomic interactions and thus to generate entanglement have not been experimentally
available so far.
In this talk we present experiments where we generate multi-particle entanglement on an atom chip by controlling
elastic collisional interactions with a state-dependent microwave near-¯eld potential [1]. We employ this technique
to generate spin-squeezed states of a two-component Bose-Einstein condensate and show that they are useful for
quantum metrology. The observed reduction in spin noise combined with the spin coherence imply four-partite
entanglement between the condensate atoms and could be used to improve an interferometric measurement over the
standard quantum limit. Our data show good agreement with a dynamical multi-mode simulation [2] and allow us to
reconstruct the Wigner function of the spin-squeezed condensate. The techniques demonstrated here could be directly
applied in chip-based atomic clocks which are currently being set up. Furthermore, they constitute the key ingredient
for a quantum phase gate previously proposed in [3].

[1] BÄ
ohi, P. et al. Coherent manipulation of Bose-Einstein condensates with state-dependent microwave potentials on an atom
chip. Nat. Phys. 5, 592 (2009).
[2] Li, Y., Treutlein, P., Reichel, J. & Sinatra, A. Spin squeezing in a bimodal condensate: spatial dynamics and particle losses.
Eur. Phys. J. B 68, 365{381 (2009).
[3] Treutlein, P. et al. Microwave potentials and optimal control for robust quantum gates on an atom chip. Phys. Rev. A 74,
022312 (2006).
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Speaker: Giacomo Roati
Session: Matter Wave Localization
Schedule: Thursday Morning Invited Session 1

A tunable Bose-Einstein condensate in disordered potentials
G. Roati, B. Deissler, M. Zaccanti, M. Fattori, C. D’Errico, M. Modugno, G. Modugno, and M. Inguscio
LENS and Dipartimento di Fisica, Università di Firenze, and CNR-INFM
Via Nello Carrara 1, 50019 Sesto Fiorentino, Italy
We present our studies on a Bose-Einstein condensate (BEC) trapped in disordered potentials.
The interactions between the atoms can be controlled at will thanks to a broad magnetic Feshbach
resonance [1]. The disorder is introduced into the system by means of a quasi-periodic lattice
generated by superimposing two standing wave laser beams with incommensurate wavelengths.
We study two different regimes. First, the interactions between the particles are tuned to zero.
This ”ideal” gas in the bichromatic lattice reproduces the Aubry-André hamiltonian [2], which shows
a transition between extended and exponentially localized single-particle wavefunction, similar to the
Anderson model [3]. We have directly observed the onset of localization by probing the momentum
distribution and the absence of diffusion of the non-interacting condensate [4].
In a second experiment, we reintroduce some repulsive interactions into the sample [5]. In particular, we investigate the interplay between disorder and interactions. We observe the transition from
incoherent Anderson localized states to fully coherent extended states. For large interactions the
effect of the disorder is highly reduced and the system enters the BEC regime. The characterization
of this superfluid to insulator transition (SIT) is particularly important. In fact, despite its presence
in many different physical systems such as, for example, helium in porous media [6] and high TC
superconductors [7], its complete understanding is still missing.
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G. Roati et al., Phys. Rev. Lett. 99, 010403 (2007)
S. Aubry and G. André, Ann. Israel Phys. Soc. 3, 133 (1980).
P. W. Anderson, Phys. Rev. 109, 1492 (1958).
G. Roati et al., Nature 453, 895 (2008)
B. Deissler et al., arXiv:0910.5062
J. D. Reppy, J. Low Temp. Phys. 87, 205 (1992).
Y. Dubi, Y. Meir, and Y. Avishai, Nature 449, 876 (2007).
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Speaker: Jorge J. Rocca
Session: High Frequency and High Energy Lasers
Schedule: Wednesday Morning Invited Session 1

Table-top soft x-ray lasers with shorter wavelengths
and smaller size
J. J. Rocca1,2,3, D. Alessi,1,2 Y. Wang,1,2 , D. H. Martz,1,2 , F. Furch 1,3, B. Reagan 1,2,
M. Berrill,1,2 B. M. Luther1,2
1. National Science Foundation ERC for Extreme Ultraviolet Science and Technology; 2. Electrical and Computer Engineering Department,
Colorado State University, Fort Collins, CO 80523; 3. Physics Department, Colorado State University, Fort Collins, CO 80523

Abstract.

We report two significant new advances in the development of practical table-soft soft x-ray lasers: the
demonstration of a gain-saturated λ=10.9nm table-top soft x-ray laser operating at 1 Hz repetition rate and the realization of the
first all-diode-pumped soft x-ray laser.

There is great interest in extending table-top soft x-ray lasers to shorter wavelengths for applications.
However, the steep wavelength scaling of the energy necessary to pump such lasers has limited the use of table-top
soft x-ray lasers in applications has been limited to wavelengths above 13.2 nm. Herein we report the demonstration
of a gain-saturated table-top λ=10.9 nm laser in the 4d1S0→4p1P1 transition of nickel-like Te that operates at 1 Hz
repetition rate. Figure 1a shows the soft x-ray laser intensity rapidly grows with target length to dominate the entire
spectra, eventually reaching saturation. The measured soft x-ray laser intensity as a function of target length in Fig.
1b shows a small signal gain of g0= 45.3 cm-1 and an integrated gain length product of 14.1 at 5 mm [1]. Soft x-ray
laser pulse energies up to 2 μJ and an average power of ~ 1 μW were obtained with 4.2 J of total laser pump energy
on target at 1 Hz repetition rate. This new laser, the shortest wavelength gain-saturated table-top laser reported to
date, will extend applications of table-top lasers to a shorter wavelength.

Fig. 1. a) On axis single-shot spectra from the Te plasma for increasing plasma column up to 5 mm showing
strong lasing at 10.9 nm. b) Measured laser line intensity as a function of plasma column length.

In a separate development we have demonstrated the first all-diode-pumped soft x-ray laser. Direct diode pumping
of the driver laser opens the possibility to develop a new generation of more compact, higher repetition rate soft xray lasers for applications. In this first demonstration we achieved a compact 10 Hz repetition rate lasing at λ = 18.9
nm by transient electron-impact excitation of Ni-like Mo ions [2]. To pump this soft x-ray laser we developed a
cryo-cooled Yb:YAG chirped-pulse-amplification (CPA) laser system that generates 1 J pulses of 8.5 ps duration.
1. D.Alessi , Wang, D. Martz, M. Berrill, S. Domingue, D. Kemp, B. Luther and J.J. Rocca. Submitted Opt.Lett.
2. F. Furch, B. Reagan, B M. Luther, A. H. Curtis, S. P. Meehan, J. J. Rocca, Opt. Lett, 34, 3352, (2009)

PQE-2010

219

Speaker: Oleksiy Roslyak
Session: Quantum Solar Energy
Schedule: Thursday Morning Invited Session 2

.

Signatures of carrier multiplication in polariton fluorescence spectra
1

O. Roslyak1,2 , Shual Mukamel2 and Godfrey Gumbs1
Department of Physics and Astronomy, Hunter College, CUNY, 695 Park Avenue, NY 10065-50085,
2
Department of Chemistry, University of California, Irvine, CA 92697-2025

In this work, we are proposing a technique to detect
the effect due to carrier multiplication on the single
and two-photon fluorescence spectra from collection of
quantum dots placed in high a quality microcavity.
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FIG. 1: Panels (a) represent conventional fluorescence
spectra, while panels (b) show two-photon fluorescence.
Panels (1)/(2) represent polariton fluorescence without/with CM effects. Panels (3) show multi-exciton fluorescence in the absence of the MC (the CM effect is
present). Notice that in the latter case, the presence of
CM does not change the spectral form. N defines multiplasmon/exciton index.

Recently proposed effects arising from carrier multiplication (CM) have given rise to new avenues for
the effective harvesting of solar energy through an increased photovoltage or photocurrent in various semiconducting quantum dot (QD) solar cell configurations [1]. So far, CM studies have been dominated
by two complimentary methods, i.e., transient absorp-

[1] A. Nozik, Chemical Physics Letters 457, 3 (2008).
[2] M. Beard et al., Nano Letters 7, 2506 (2007).
[3] J. McGuire et al., Accounts of Chemical Research 41,
1810 (2008).
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tion and luminescence [2, 3]. Apart from being contradictory, both rely on high intensity femtosecond
laser pulses to activate the CM [4]. The CW solar
light is too weak to be the pumping source for these
techniques.
Here, we propose utilizing a standard single and
two-photon counting setup to obtain signatures of CM
in the fluorescence spectra from a collection of QDs
placed in a high quality microcavity (MC). The central
frequency of the MC is in resonance with the lowest
energy exciton for the QD, thereby effectively forming polaritons. The system is illuminated by CW light
with frequency well above the single exciton energy.
The CM as well as multi-exciton Auger decay form the
quasi-equilibrium population of the polaritonic bands.
This distribution strongly deviates from the standard
(no CM present) Poisson distribution and is characterized by the quantum yield (QY) > 1. Coulomb
interaction and phase-space filling lift the degeneracy
of the energy bands for the excitonic part of the polaritons.
The net fluorescence spectra are governed by the
statistical sum of the emissions from the multi-exciton
bands. Owing to the polaritonic effect, each of the
contributions is spectroscopically unique. We observed
that if the CM/QD coupling is neglected, the polaritonic branches are reduced to the multi-excitonic
emission peaks (See Fig.1(a.3),(b.3)). For a substantial dephasing rate, the multiexciton levels simply contribute to the peak broadening. The CM enhances
those terms which originate from the multiexciton
manifolds, yielding spectra strikingly different from
those without CM (See Fig.1(a.1),(a.2)). The difference is accentuated in the two-photon fluorescence signals since they are not masked by single-exciton emission, as we demonstrate in Figs.1(b.1) and 1(b.2).
In the transient emission setup, (the polaritons are
excited by a narrow laser pulse), the time evolution of
the fluorescence spectra provides the explicit contribution form multi-exciton manifolds. This allows the
classification of the spectral resonances.

[4] A. Pandey et al., The Journal of Chemical Physics 127,
111104 (2007).
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Speaker: Yuri Rostovtsev
Session: Quantum systems and ultra short pulses: time and space
Schedule: Thursday evening plenary session

Quantum coherence excited by far-detuned optical pulses:
generation of X-ray and nuclear radiation
Yuri V. Rostovtsev1
1

Department of Physics, University of North Texas, Denton, Texas 76203
∗

We study population transfer and the generation of quantum coherence in atomic and nuclear systems interacting with a strong off-resonance ultra-short laser pulse. We discuss possible applications
of obtained results to cooperative generation of XUV and nuclear radiation.

Recent progress in ultrashort, e.g. attosecond,
laser technology allows researchers nowdays to obtain ultra-strong fields which can be the same order of magnitude as the electric field created by
an atomic nucleus. Interaction of such strong and
broadband field with a two-level atomic system even
under the action of a far-off resonance strong pulse
of laser radiation should be revisited and as we show
below that such pulses can excite remarkable coherence on high frequency transitions; and this coherence can be used for efficient generation of XUV radiation.
We have found and analyzed analitical solutions
for particular pulse shapes. These exact analytical
solutions describe excitation of coherence in a twolevel system produced by interaction with a short
intense off-resonant laser pulse. We demonstrate
strong deviations from a linear responce. We are
able to recognize two contributions. First comes
from the fact that the laser pulse is strong and the
Rabi frequency is large. The second deviation comes
from the laser pulse shape. We have also shown
that
the effects of tunneling in an electric field en∗
Electronic
address:
Telephone:940-565-3281,Fax:
940-565-2515,E-mail:rost@unt.edu
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hances the probability of excitation. We discuss possible applications of results obtained to generation of
XUV radiation and suggest experimental schemes to
demonstrate the obtained results.
One of very interesting application of the developed theory is possibility to interact and control of
nuclear processes. Usually, for a very few exemptions, the nuclear systems have resonant transitions
that are far off from the optical laser frequencies.
That makes direct excitation of nucleus by optical
radiation be very weak. But strong laser radiation
create very strong polarization of the atoms and
ions for the case when the electron oscillatory energy in the laser field is much higher than the ionization energy. Excitation by such a pulse is given by
Ω2 τ 2 = 10−13 . For a sample with density of atoms
or ions of the order of 1016 − 1019 cm−3 , the number
of excited atoms is 102 − 105 , and all nuclei, that
are coherently oscillating in phase will produce cooperative burst of gamma ray radiation that will be
10-1000 time faster that the relaxation time, 100 ns
for 57 Fe.
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Speaker: Ralf Röhlsberger
Session: Nuclear Gamma-ray Superradiance
Schedule: Monday Morning Plenary Session 1

The Collective Lamb Shift in Nuclear γ-Ray Superradiance
or the Barbershop Effect in Nuclear Resonant Scattering
Ralf Röhlsberger (Deutsches Elektronen Synchrotron DESY, Hamburg, Germany)
The original paper by Dicke on superradiance [1] has sparked a multitude of studies about cooperative optical phenomena. A particularly interesting phenomenon in this field is the collective
Lamb shift: Due to the cooperative radiative coupling of the atoms within an ensemble of identical atoms, the single-atom Lamb shift can be amplified by orders of magnitude [2]. In order
to observe superradiant single-photon emission from an ensemble of 2-level atoms one has to
prepare a state in which exactly one atom is excited with the same probability for all atoms in
the ensemble. In a conventional forward scattering geometry this is not possible because atoms
at the front of the sample are excited with higher probability than those further downstream.
This leads to the population of subradiant states that obscure the view on superradiant effects.
Here we report about a new approach to study the superradiant decay of 57 Fe Mössbauer nuclei
(14.4 keV resonance energy) and their collective radiative level shift. The ensemble of nuclei
was embedded as an ultrathin layer in the center of a planar cavity and resonantly excited by
flashlike pulses of synchrotron radiation. In such a geometry, the nuclear ensemble appears to
be optically thin upon excitation, but optically thick upon re-emission. This ensured the preparation of the nuclear ensemble in an oscillatory eigenstate with a well-defined Lamb shift.
We have applied a perturbation expansion of the dynamical theory of nuclear resonant scattering
to calculate the radiative level shift of such a system. First experimental results, obtained at
the ESRF (Grenoble, France), are presented.
This work was performed in collaboration with S. Couet, K. Schlage, B. Sahoo and R. Rüffer.
incident beam
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Figure 1: (a) An ultrathin layer of 57 Fe nuclei is embedded in the center of a planar cavity. The incident
radiation is coupled into a guided mode of the cavity. (b) The symmetric, superradiant state decays
exponentially with a speedup that is almot 2 orders of magitude faster than the natural decay (dashed
line). (c) On the energy scale one obtains a radiative level shift of almost 10 Γ 0 . (d) The superposition
of partial waves originating from the ensemble of nuclei in a cavity resembles the barbershop effect for
objects between two (almost) parallel mirrors.

[1] R. H. Dicke, Phys. Rev. 93, 99 (1954)
[2] M. O. Scully, Phys. Rev. Lett. 102, 143601 (2009)
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Speaker: Hossein Sadeghpour
Session: Mixtures and Spinors I
Schedule: Wednesday evening invited session

Cold dimer formation and other spin relaxation processes in a buffer-gas cooled magnetic trap*
H. R. Sadeghpour, ITAMP- Harvard-Smithsonian Center for Astrophysics, Cambridge, MA 02138
* joint theory/experiment collaboration
Producing cold molecules, and in particular, the polar kind is all the rage. No molecules have been formed in a buffer-gas cooled magnetic trap. We develop a kinetic model of dimer formation in
such traps. The collisional rate coefficients for atom and dimer spin relaxations are calculated (Ag-3He, and He-Ag3He), but shown to fail to account for the observed strong anomalous
temperature dependence. The one significant collisional process which may account for the observed temperature behavior is resonant three-body recombination leading to the formation of
weakly-bound rotationally excited Ag3He molecules. Majorana transitions in these molecule in the trap are shown, in a detailed Monte Carlo simulation, to adequately account for the observed
trap loss. This loss rate constant is in nice accord with the calculated resonant three-body recombination rate constant.
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Speaker: Roland Sauerbrey
Session: Free-Electron Lasers
Schedule: Tuesday Morning Invited Session 2

High-Intensity Lasers as Undulators for FEL’s
Ulrich Schramm1, Thomas Cowan1, Roland Sauerbrey1, Alexander
Debus1, Michael Bussmann1, ‚Axel Jochmann1, Ken Ledingham2
1 Forschungszentrum Dresden-Rossendorf, 01328 Dresden, German,
phone: +49 351 260 2744, e-mail: r.sauerbrey@fzd.de
2 University of Strathclyde, Department of Physics and Astronomy,
Glasgow G4 0NG , UK

The recent developments of both electron accelerators and high-intensity lasers
open up new possibilities for innovative radiation sources. Incoherent and
coherent Thomson-scattering of electrons from a high-power laserpulse should
provide intense, energy tunable femtosecond X-ray pulses of high spatial
quality. Proposals have even been made to generate temporally coherent Xrays in a quantum FEL. The talk will discuss the experimental approaches to
realize such new radiation sources.
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Speaker: Ralf Schützhold
Session: Unruh Effect
Schedule: Tuesday evening plenary session

Fundamental effects from a quantum optics perspective
Ralf Schützhold
Fakultät für Physik, Universität Duisburg-Essen, D-47048 Duisburg, Germany
There are many fundamental predictions of relativistic quantum field theory which have so far
eluded direct experimental verification. This talk will discuss signatures of the Unruh effect [1],
Hawking radiation [2], the Schwinger mechanism [3] and others [4, 5] from a quantum optics perspective and outline the prospects for an experimental realization. All these phenomena possess
common features, for example the creation of entangled particle pairs (squeezed state), and display
striking similarities to effects known from quantum optics, such as assisted tunnelling and parametric
down conversion.

[1] R. Schützhold, G. Schaller and D. Habs, Signatures of the Unruh effect from electrons accelerated by
ultra-strong laser fields, Phys. Rev. Lett. 97, 121302 (2006);
R. Schützhold, G. Schaller and D. Habs, Tabletop Creation of Entangled Multi-keV Photon Pairs and
the Unruh Effect, Phys. Rev. Lett. 100, 091301 (2008).
[2] R. Schützhold and W. G. Unruh, Hawking radiation in an electro-magnetic wave-guide?, Phys. Rev.
Lett. 95, 031301 (2005);
R. Schützhold, G. Plunien and G. Soff, Dielectric black hole analogues, Phys. Rev. Lett. 88, 061101
(2002);
R. Schützhold, Detection Scheme for Acoustic Quantum Radiation in Bose-Einstein Condensates, Phys.
Rev. Lett. 97, 190405 (2006).
[3] R. Schützhold, H. Gies and G. Dunne, Dynamically assisted Schwinger mechanism, Phys. Rev. Lett.
101, 130404 (2008);
G. V. Dunne, H. Gies and R. Schützhold, Catalysis of Schwinger Vacuum Pair Production,
arXiv:0908.0948 [hep-ph].
[4] M. Uhlmann, G. Plunien, R. Schützhold, and G. Soff, Resonant Cavity Photon Creation via the Dynamical Casimir Effect, Phys. Rev. Lett. 93, 193601 (2004);
G. Plunien, R. Schutzhold and G. Soff, Dynamical Casimir effect at finite temperature, Phys. Rev. Lett.
84, 1882 (2000).
[5] R. Schützhold, M. Uhlmann, L. Petersen, H. Schmitz, A. Friedenauer and T. Schätz, Analogue of
cosmological particle creation in an ion trap, Phys. Rev. Lett. 99, 201301 (2007);
R. Schützhold, Dynamical zero-temperature phase transitions and cosmic inflation/deflation, Phys. Rev.
Lett. 95, 135703 (2005).
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Speaker: Marlan O. Scully
Session: Quantum Solar Energy
Schedule: Thursday Morning Plenary Session 2

The Quantum Solar Cell:
Using quantum thermodynamics to mitigate recombination and enhance efficiency

Marlan O. Scully
Texas A&M University, College Station, TX 77843 and
Princeton University, Princeton, NJ 08544
The fundamental limit to solar cell efficiency is radiative recombination which balances radiative
absorption. This detailed balance condition yields a classical Carnot thermodynamic limit. We
here show that it is possible to break detailed balance via quantum coherence, as in the case of
lasing without inversion and the photo-Carnot quantum heat engine. This yields, in principle, a
quantum Carnot limit to solar cell operation which exceeds the classical one. This does not violate
the second law of thermodynamics since the envisioned quantum solar cell is not in thermodynamic
equilibrium.

The efficiency of solar energy conversion is an important problem of twenty first century quantum science and engineering. The first p-n junction Si solar
cells had an efficiency of around 5%. The (empirical) limit at that time was thought to be 20%. Half
a decade later, Shockley and Quiesser (SQ) showed
that the limit was more correctly attributed to the
fact that electron-hole pairs generated by absorption
of sunlight are often lost due to radiative recombination before they can contribute to useful work, see
Fig. 1a.
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In the present paper we use quantum coherence
to break detailed balance, as in the case of lasing
without inversion LWI and the photo-Carnot quantum heat engine, to obtain the quantum solar cell
efficiency
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where V is the (open circuit) voltage between the
electrode and the base of Fig. 1a, e is the charge of
the electron, the energy of the gap between the conduction and valence bands in the notation of Fig. 1b
is g = c − v , and Ts (Ta ) is the solar (ambient)
temperature.
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FIG. 1: (a)schematic of solar cell consisting of p−n semiconductor junction. In step 1, solar radiation is absorbed
in the larger p doped region. The ”built-in” potential in
the depletion layer serves to transmit electrons and reflect holes in step 2. Electrons and holes can radiatively
recombine before being separated, this loss of useful energy is depicted as step 3. (b) Electrons excited to the
conduction band by a photon of energy ~ν greater than
the gap energy g = c − v thermalize by emission of
phonons, resulting in energy loss ~ν − g . (c) The energy loss due to phonon emission can be mitigated by
dividing the solar flux into frequency components each
of which is directed to a cell with its band gap matched
to the incident light. For example frequency sensitive
beam splitters are here depicted as dividing the solar radiation into red, green, and blue beams which are tuned
(i)
to the three cells with ~i ≈ g where i =R, G, and B.

As is well known, the fundamental recombination
limit for solar cell operation is governed by a thermodynamic Carnot efficiency given by

where ν0 is the coherent drive frequency given in
Fig. 2.
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FIG. 2: Quantum dots having upper level conduction
band states |c1 i and |c2 i is coherently driven by a field
such that ~ν0 = c1 − c2 . The monochromatic solar
photons having energy ~ν are tuned to the mid point between the upper levels. The host semiconductor system,
in which the quantum dots are embedded, has effective
Fermi energies µc and µv for the conduction and valance
bands.
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Speaker: Tamar Seideman
Session: New Directions in Coherent Alignment
Schedule: Tuesday Morning Plenary Session 2

Spinning Tops in External Fields.
From High Harmonic Generation to Control of Transport in the
Nanoscale
Tamar Seideman, S. Ramakrishna, and Matthew Reuter
Department of Chemistry
Northwestern University
Nonadiabatic alignment is a coherent approach to control over the spatial properties of
molecules, wherein a short, moderately-intense laser pulse is applied to populate a broad
rotational wavepacket with fascinating properties. In the limit of small isolated
molecules, nonadiabatic alignment has evolved in recent years into an active field of
theoretical and experimental research with a rich variety of applications.
Our goal in the present talk is to introduce a session on laser alignment in complex
systems. Following a brief review of the essential physics underlying alignment, we
extend the alignment concept to dissipative media, including dense gases, solutions, and
interfaces. We illustrate the application of rotational wavepackets as a probe of the
dissipative properties of dense media and propose a means of disentangling population
relaxation from decoherence effects via strong laser alignment. We extend alignment to
control the torsional motions of polyatomic molecules, and apply torsional control to
manipulate charge transfer events in solutions, suggesting a potential route to light
controlled molecular switches. Turning to interfaces, we introduce a route to guided
molecular assembly, wherein laser alignment is extended to induce long-range
orientational order in molecular layers. Finally, we combine the nonadiabatic alignment
concept with recent research on nanoplasmonics and on conductance via molecular
junctions to develop an approach to optical control of transport in the nanoscale.
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Speaker: Eyob A. Sete
Session: High Frequency and High Energy Lasers
Schedule: Wednesday Morning Invited Session 1

Transient XUV lasing without inversion via He triplet states
Eyob A. Sete1,2, Szymon Suckewer2, Anatoly A. Svidzinsky1,2, and Marlan O. Scully1,2
1

Department of Physics and Institute for Quantum Studies, Texas A & M University, College Station, TX 77843-4242

2

Applied Physics Group, Department of Mechanical & Aerospace Engineering, Princeton University, NJ 08544-5263

Abstract: We demonstrate transient inversionless laser oscillation in short wavelength regions where
population inversion is difficult to achieve.
Quantum coherence effects played an important role in the development of numerous optical systems. Of the many
applications of atomic coherence effects we here discuss lasing action in short wavelength spectral regions without the
requirement of population inversion in He atoms.
The phenomenon of lasing without inversion (LWI) [1-4] is very attractive in realizing lasers operating in the short
wavelength (XUV and X-ray) regimes. To this end, we propose schemes which utilize He atoms a gain media to
realize such devices. In particular, we consider three-level He atoms in cascade configuration as sketched in Fig. (1a).
Our scheme involves interaction of two laser pulses with an ensemble of He atoms (N=1015 atoms/cc) confined in a
13cm long sample. We start off with a slight population inversion between levels |c〉 and |b〉 and apply strong driving
field of Rabi frequency, Ω couples levels |c〉 and |a〉 , followed by a very weak probe field (Ωl). The driving field
induces coherence between levels |c〉 and |b〉 , which help cancel the resonant absorption in the lasing transition |a〉→|
b〉 . This leads, under certain conditions, to gain without population inversion. It is envisioned that the present model
can be extended to He-like ions to obtain shorter-wavelength lasers with increasing atomic number, Z.
Lasing without population at 58nm is theoretically predicted [5] in the |a〉 to |b〉 transition for an initial condition of
ρ aa=0, ρ bb=0.44, ρ cc=0.56 and for suitable choice of parameters (see Fig. 1). This plot clearly indicates that there is
huge amplification of the lasing field for maximum atomic coherence (ρ aa=ρ bb) and indeed in the absence of inversion.

Fig.1 (a) Plots of the square of output field Ωl (solid curve) and scaled inversion between a to b transition (dashed curve) vs retarded
time µ =t-z/c for initial condition ρ aa=0, ρ bb=0.44, ρ cc=0.56. The dashed curve shows that the inversion is always negative. The unit
of time is τ 1=0.55 ns which is the |a〉→|b〉 transition lifetime. The energy output is a respectable few nanojoules compared to the input
energy 0.01 picojoules. (b) XUV lasing scheme in He. Initial population in 23S is driven to level 31D via a counter intuitive pair of
pulses in which the 587 nm pulse is followed by the 1.08 µm pulse. Once the atom (or ion) is in the 31D state it is driven by a strong
pulse at 668 nm to the state 21P. This results in LWI action yielding short pulses at 58 nm.

References

1.
2.
3.
4.
5.

O. Kocharovskaya and Ya. I. Khanin, JETP Lett. 48, 581 (1988)
S. E. Harris, Phys. Rev. Lett. 62, 1033 (1989).
M. O. Scully, S. Y. Zhu and A. Gavridiles, Phys. Rev. Lett. 62, 2813 (1989).
A.S. Zibrov et al., Phys. Rev. Lett. 75, 1499 (1995); G. Padmabandu, et al., Phys. Rev. Lett. 76, 2053 (1996).
E.A. Sete, S. Suckewer, and A.A. Svidzinsky, M.O. Scully, to be published.
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Speaker: Vladimir M. Shalaev
Session: Metamaterials 4 – New Concepts in Metamaterials
Schedule: Wednesday Morning Plenary Session 1

Transforming Light with Metamaterials
Vladimir M. Shalaev
School of Electrical and Computer Engineering and Birck Nanotechnology Center
Purdue University

One of the most unique properties of light is that it can package information into a
signal of zero mass and propagate it at the ultimate speed. It is, however, a daunting
challenge to bring photonic devices to the nanometer scale because of the
fundamental diffraction limit. Metamaterials can focus light down to the nanoscale
and thus enable a family of new nanophotonic devices. Metamaterials, i.e. artificial
materials with rationally designed geometry, composition, and arrangement of
nanostructured building blocks are opening a gateway to unprecedented
electromagnetic properties and functionalities that are unattainable with naturally
occurring materials. We review this exciting field and discuss the recent, significant
progress in developing metamaterials for the optical part of the electromagnetic
spectrum. Specifically, we report on our recent world’s smallest nanolaser
(collaborative work with Norfolk State University and Cornell), describe the
phenomena of artificial magnetism across the whole visible and negative refractive
indices in the optical range, and demonstrate a broadband cloaking in the visible
based on tapered waveguides (collaboration with BAE and Towson University). A
new, powerful paradigm of engineering space for light with transformation optics,
which can enable a family of new applications including a planar magnifying
hyperlens and optical black hole, will be also discussed.
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Speaker: Gennady Shvets
Session: Plasmonics 2
Schedule: Tuesday evening invited session

Slow light in plasmonic metamaterials: the double-Fano
resonance approach
G. Shvets, Chih-Hui Wu, Alexander Khanikaev
Department of Physics, The University of Texas at Austin, Austin, Texas 78712

Abstract: A new approach to slowing light in plasmonic structures is proposed. We utilize
the phenomenon of double-Fano resonance. Specific implementations of such structures based
on plasmonic antennas are presented, various applications are outlined.
The ability to slow down light to extremely slow group velocities vg compared with the vacuum light speed c
while maintaining high coupling efficiency is one of the most dramatic manifestations of controlled light manipulation in optics. Apart from its fundamental significance, it has long-reaching technological applications,
including enhanced nonlinear effects due to the energy density compression by as much as c/vg ; pulse delay
and storage for optical information processing, optical switching, and even quantum optics. Most approaches
to obtaining slow light rely on the phenomenon of Electromagnetically Induced Transparency (EIT). More
recently, in response to the emerging applications, attention has shifted towards obtaining slow light using
electromagnetic metamaterials which enable engineering electromagnetic resonances with almost arbitrary
frequencies and with resonance symmetries. As will be discussed, the EIT approach to achieving slow light
is not without limitations.

Fig. 1. (Left): Schematic of a unit cell of a double-Fano metamaterial consisting of two vertical plasmonic antennas (forming a
"dark" quadrupolar antenna) and a horizontal dipole antenna displaced in all three dimensions. Flat portion of the dispersion
curve: "slow" light. (Right): Conceptual schematic of adiabatic polarization conversion (from x-polarization to y-polarization)
accomplished by spatially varying the frequency of the "dark" resonance between 185THz and 175THz.

In this talk we propose a new technique to producing slow light which relies on the newly-discovered phenomenon of double-Fano resonance. We demonstrate that light propagation through a birefringent medium
can be dramatically slowed down when the medium supports three electromagnetic modes: (a) two propagating modes of different polarizations strongly which are both strongly coupled to the incident electromagnetic
field, and (b) a "dark" (non-propagating) electromagnetic wave which is decoupled from the incident electromagnetic field. If the frequency of the "dark" mode coincides with that of the propagating modes, then
a simple symmetry breaking coupling all three modes with each other results in a dramatic slowing down of
light. This phenomenon can be understood as a double Fano resonance: coupling of a single discreet state
("dark" mode) to the two sets of continuum states (two propagating modes of different polarization states).
A specific implementation of such slow-light structures using metallic antennas is illustrated in Fig. 1(left).
Unusual propagation bands shown in Fig. 1(left) lend themselves to exciting applications which will be
discussed. One such application, adiabatic polaprization conversion, is illustrated in Fig. 1(right).
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Speaker: Sergey Skipetrov
Session: Localization of Light
Schedule: Tuesday Morning Invited Session 1

Self-consistent theory of Anderson localization
S.E. Skipetrov, N. Cherroret and B.A. van Tiggelen
Laboratoire de Physique et Modélisation des Milieux Condensés,
Université Joseph Fourier and CNRS, 25 rue des Martyrs, 38042 Grenoble, France
Abstract: We extend the self-consistent (SC) theory of Anderson localization, proposed in the
beginning of 1980’s by Vollhardt and Wölfle, to take into account the finite size of the sample
and boundary conditions on its surface. We apply this new SC theory to analyze several recent
experiments with microwaves, light, and ultrasound. We show how SC theory can be used to
study scaling properties of wave transport at the mobility edge and decay rates of quasi-modes of a
disordered sample.

The phenomenon of Anderson localization consists in a breakdown of wave transport due to interference
effects in a strongly disordered medium. One of the successful theories of Anderson localization is the selfconsistent (SC) theory of localization of Vollhardt and Wölfle [1]. This theory is based on the idea that
the diffuse transport of waves in disordered media is renormalized by interference effects that reduce the
diffusion coefficient D of the wave. The theory predicts the existence of the mobility edge in systems with
3D disorder, provides a qualitatively correct description of wave transport on both sides of the mobility edge,
and even yields a number of reasonable results in the critical regime. However, it has a number of weak
points. One such a weak point is that SC theory of Vollhardt and Wölfle does not fully account for the finite
size, shape, and conditions at the boundaries of the sample where localization is observed. This deficiency
becomes particularly important when Anderson localization of “classical” waves (microwaves, light, sound,
etc.) is concerned because, on the one hand, optical or ultrasonic experiments can be very precise and, on
the other hand, the localization effects are often quite weak and masked by absorption. This calls for a
more quantitative theory that would be able to take into account properties of the sample in a particular
experiment.
Our recent work [2–6] allowed for an extension of SC theory that fully accounts for finite sample size and
for conditions at the sample boundaries by accurately including the position dependence of localization effects
through a position-dependent diffusion coefficient D(r). The position-dependence of D reflects the stronger
role of localization effects in the bulk, far from the boundaries, where D is found to be smaller, as compared
to superficial parts of the sample, where D is found to be larger. SC theory with a position-dependent D
provides a reasonably good description of recent experiments with microwaves and light [3]. It was used to
study the precise scaling of the transmission coefficient of a disordered slab at the mobility edge [5] and to
establish the independence of the scaling function in the scaling theory of localization of boundary conditions
[6]. The most exciting application of this new theory is the description of the phenomenon of transverse
confinement of waves in a strongly disordered, open 3D medium where waves are Anderson-localized [7, 8]. A
comparison with ultrasonic experiments [7] and further theoretical developments [8] suggest that measuring
the transverse profile of a focused beam in transmission through a slab of disordered medium provides unambiguous information about the localization length ξ of waves in the medium. Anderson localization leads to a
strong confinement of the transmitted beam and modifies its spatial profile. Both these effects are correctly
captured by our SC theory which allows us to determine ξ from the measurement of the width of transmitted
beam only. Such an approach is quite promising for study of Anderson localization of any kind of waves,
including light.
Another interesting application of the new SC theory is the calculation of the probability distribution P (Γ)
of decay rates Γ of quasi-modes in an open disordered sample in the localized regime of wave propagation
[3b]. P (Γ) is of primary importance for analysis of random lasers — mirrorless lasers where feedback is due to
multiple scattering of light. Quite unexpectedly, a relation exists between transport properties of a disordered
sample, that can be studied using SC theory, and P (Γ).

[1]
[2]
[3]
[4]
[5]
[6]

D. Vollhardt and P. Wölfle, in Electronic Phase Transitions (Elsevier Science, Amsterdam, 1992), p.1.
B.A. van Tiggelen, A. Lagendijk, and D.S. Wiersma, Phys. Rev. Lett. 84, 4333 (2000).
S.E. Skipetrov and B.A. van Tiggelen, Phys. Rev. Lett. 92, 113901 (2004); ibid. 96, 043902 (2006).
N. Cherroret and S.E. Skipetrov, Phys. Rev. E 77, 046608 (2008).
N. Cherroret, S.E. Skipetrov and B.A. van Tiggelen, Phys. Rev. B 80, 037101 (2009).
N. Cherroret, Coherent transport of waves in random media: from mesoscopic correlations to Anderson localization,
Ph.D. thesis, http://tel.archives-ouvertes.fr/tel-00424792/.
[7] H. Hu, A. Strybulevych, J.H. Page, S.E. Skipetrov, and B.A. van Tiggelen, Nature Physics 4, 945 (2008).
[8] N. Cherroret, S.E. Skipetrov, and B.A. van Tiggelen, arXiv:0810.0767.
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Speaker: Brian J. Smith
Session: Recent advances in fiber-based devices
Schedule: Monday Morning Invited Session 2

Photon-pair generation in birefringent fibers
Brian J. Smith1,2,*, P. Mahou2, Offir Cohen2, J. S. Lundeen3, C. Söller4, C. Silberhorn4, and I. A. Walmsley2
1

Centre for Quantum Technologies, National University of Singapore, 3 Science Drive 2, 117543 Singapore, Singapore
2
Clarendon Laboratory, University of Oxford, Parks Road, Oxford, OX1 3PU, United Kingdom
3
Institute for National Measurement Standards, National Research Council, 1200 Montreal Road, Ottawa, Ontario, K1A 0R6, Canada
4
Max Planck Institute for the Science of Light, Günther-Scharowsky-Str.1, 91058 Erlangen, Germany
* Corresponding author: b.smith1@physics.ox.ac.uk

Abstract: We experimentally demonstrate photon pair production in standard single-mode optical
fiber via spontaneous four-wave mixing by utilizing cross-polarized birefringent phasematching.
The capability to produce photon pairs and more general non-classical states of light, e.g. squeezed states, with
controlled spatial and temporal mode structure is a crucial requirement for optical quantum technologies such as
photonic quantum information processing [1], quantum cryptography [2], and quantum metrology [3]. Spontaneous
four-wave mixing (SFWM) is a common approach for generating photon-pair states. In SFWM two pump photons
are spontaneously converted into side-band photons known as the signal and idler. This process is mediated by a
third-order nonlinear optical material, often optical fiber [4]. The photon pair joint spectral state is determined by the
fiber-dispersion, including fiber birefringence, and choice of pump spectral properties [5].
We generate photon pairs in standard birefringent single-mode fibers at wavelengths accessible to widely
available silicon photon-counting detectors. This approach utilizes cross-polarized birefringent phasematching in
which the signal (s) and idler (i) photons are produced with polarizations orthogonal to the pump (p), with detuning
from the pump proportional to the birefringence. Raman contamination of the signal (idler) is greatly suppressed
using this method, giving a signal-to-noise ratio of ! 100 (! 20) . The measured joint spectrum is shown in the figure
below. To model the SFWM process we assume no modal dispersion, use the refractive index of silica for one
polarization axis and add to this a constant birefringence for the other. The theory and experiment are in good
agreement as quantified by the fidelity or overlap, F = 0.92 ± 0.07 . From this model we predict that a factorable
joint spectral amplitude, necessary for heralding pure single photons, can be achieved with a 0.4 nm bandwidth
pump with a 10 cm fiber, and is a focus of current experiments.

Fig. 1. (a) Measured and (b) theoretical joint spectra for a 10cm long fiber and 5.4 nm bandwidth (FWHM) 704 nm central wavelength pump.
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[1] P. Kok, W. J. Munro, K. Nemoto, T. C. Ralph, J. P. Dowling, and G. J. Milburn, “Linear optical quantum computing with photonic qubits,”
Rev. Mod. Phys. 79, 135-174 (2007).
[2] N. Gisin, G. Ribordy, W. Tittel, and H. Zbinden, “Quantum cryptography,” Rev. Mod. Phys. 74, 145-195 (2002).
[3] V. Giovannetti, S. Lloyd, and L. Maccone, “Quantum Metrology,” Phys. Rev. Lett. 96, 010401 (2006).
[4] X. Li, P. L. Voss, J. E. Sharping, and P. Kumar, “Optical-Fiber Source of Polarization-Entangled Photons in the 1550 nm Telecom Band,”
Phys. Rev. Lett.. 94, 053601 (2005). J. Fan, A. Migdall, and L. J. Wang, “Efficient generation of correlated photon pairs in a microstructure
fiber,” Opt. Lett. 30, 3368-3370 (2005). O. Alibart, J. Fulconis, G. K. L. Wong, S. G. Murdoch, W. J. Wadsworth, and J. G. Rarity, “ Photon
pair generation using four-wave mixing in a microstructured fibre: theory versus experiment,” New J. Phys. 9, 67 (2006).
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Speaker: Alexei Sokolov
Session: Coherent Spectroscopy and Quantum Control
Schedule: Wednesday Morning Invited Session 1

Backward mirror-less lasing
achieved through pump pulse shaping
OR
Negative peak velocity of light in ordinary dispersive medium
Alexei V. Sokolov, Xi Wang, Gombojav O. Ariunbold, and Marlan O. Scully
Department of Physics and Institute for Quantum Studies, Texas A&M University, College Station, TX 77843
sokol@physics.tamu.edu

We demonstrate a pulse-shaping technique for backward mirror-less lasing. Lasing without
mirrors to form a laser cavity, is known to occur when the gain medium is shaped into a thin and
long pencil-like geometry, and when single-pass gain is sufficiently high. In this geometry bidirectional lasing is common, although under certain conditions, when an extended medium is
pumped by a short excitation pulse, forward lasing (where the generated pulse co-propagates
with the pump pulse) becomes more efficient (than backward lasing), through a swept-gain
effect. Please note that mirror-less lasing needs to be distinguished from superradiance and
superfluorescence, which involve substantial atomic coherence and occur in atomic media where
coherence lifetime is sufficiently long.
In this work, we use pulse shaping and timing to coherently control the directionality of
mirror-less lasing. In particular, we demonstrate that the lasing can be forced to preferentially
proceed in the backward direction. In our proof-of-principle experiments, we use Rhodamine B
dye pumped through a nonlinear (two-photon) excitation. We construct a model system
consisting of two cells filled with the laser dye solution, with a thick plate of SF11 glass placed
in between the cells to provide reasonably high dispersion. The pump light consists of a pair of
femtosecond pulses (at 800 nm center wavelength) with independently adjusted chirps. When
the pulse delays and shapes are right, backward lasing is achieved.
This technique may prove useful for remote sensing and stand-off detection.
In future implementations, we envision using a sequence of pulses with a varying amount of
negative pre-chirp (or, in general, a varying amount of pre-shaping), such that each pulse
compresses to a transform-limited shape at a certain distance into the dispersive medium (Fig. 2).
Then, when the pulse delays are properly adjusted, one will be able to achieve a situation when
these pulses produce a nonlinear excitation which propagates backward (toward the pulse source)
at an arbitrary speed, i.e. the speed of light. In this case backward swept gain can result in
backward lasing (or backward superfluorescence, in some systems). Alternatively, one can
consider matching the excitation speed to for example speed of sound, or making this speed
variable and allowing acceleration. In general, we believe, these ideas show a way to control the
velocity of the peak of a light pulse propagating through ordinary dispersive medium -- setting
this peak velocity anywhere from plus infinity to minus infinity.
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Speaker: Igor M. Sokolov
Session: Localization of Light
Schedule: Tuesday Morning Invited Session 1

Light scattering from high density ultracold atomic clouds
Igor M. Sokolov
Department of Theoretical Physics, State Polytechnic University, St.-Petersburg, Russia, 195251
E-mail: ims@is12093.spb.edu
Abstract: We report on our study of light scattering from an ultracold macroscopic atomic ensemble
under conditions that
/2 ~1 ( is the density of atoms and is the wavelength of scattered
light). For such densities the resonant dipole-dipole interatomic interaction strongly interferes with
the scattering process and the atomic dipoles cannot be considered as simply independent secondary
sources of the scattered waves, as is normally assumed for dilute systems.
Our theoretical analysis is based on two different and complementary approaches. In the first, we use a selfconsistent description of the atomic sample in the spirit of the Debye-Mie model for a macroscopic compound
spherical scatterer consisting of a dense configuration of atomic dipoles. We present a self-consistent calculation
of the macroscopic permittivity based on its relevant statistical expression given by the Kubo formula. In this
model the scattered light can be visualized as secondary waves created by the scattering on fluctuations of the
sample permittivity.
In the second approach we make exact numerical analysis of the consistent quantum-posed description of the
single photon scattering problem. The incoming photon and the field modes participating in the process are
considered in a second quantized formalism. We take into account the vector nature of the field and do not
introduce any model of continuous media. We also consider the transport of a coherent light pulse and follow
how it differs from the steady state scattering regime. Our analysis, based on correct evaluation of the resolvent
poles, i.e. on an eigenmode analysis gives the microscopic estimate of the scattering amplitude and, in particular,
can properly describe the cross section behavior in those spectral domains where the Debye-Mie model fails.
On the basis of these approaches we make a complex analysis of scattering problem. We consider the angular
distribution of scattered light. We show that our microscopic approach correctly describes interference under
multiple scattering. Particularly, we obtain a coherent backscattering cone with proper enhancement factor. We
analyze the spectral dependence of the total light scattering and observe an essentially nonmonotonic spectrum.
When considering pulse light scattering we show that the properties of the input pulse strongly influence the
type of collective states excited in the cloud, which influence the afterglow of the ensemble. The afterglow of a
given cloud with a particular atomic spatial distribution essentially differs from the fluorescence of the averaged
ensemble. In particular, a nonmonotonic time dependence can be observed. In the last part of our work we
concentrate on the internal properties of the atomic system and follow how they are modified by the presence of
light. We show that the splitting of atomic levels caused by the resonant dipole-dipole interaction extends the
frequency domain and reduces the density of atoms for which the Ioffe-Regel threshold can be achieved.
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FIG. 1: LEFT: The spectral dependence of the total cross sections for spherical atomic samples of radius
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Light trapping in high-density, ultracold atomic ensembles
applied to the quantum memory problem
Igor M. Sokolov,1 Dmitriy V. Kupriyanov,1 and Mark D.Havey2
1

Department of Theoretical Physics, State Polytechnic University, St.-Petersburg, Russia, 195251
2
Department of Physics, Old Dominion University, Norfolk, VA 23529
E-mail: ims@is12093.spb.edu

Abstract: We report on our study of light trapping in an ultracold macroscopic atomic ensemble.
The problem of diffuse light scattering is considered in both the so-called weak and strong
localization regimes. We point out that the action of an additional coherent control field can have a
positive effect on slow light diffusion in such atomic systems.
Cold atomic systems are promising candidates for quantum information storage. A signal light pulse can be
stopped or localized in either dilute or dense atomic ensembles for durations substantially exceeding a
millisecond. In the dilute configuration when interatomic distances, as well as the photon mean free path, are
essentially greater than the light wavelength but less than the sample size, the light transport can be physically
approached as a diffusion process. For higher densities scattering is modified and the light diffusion
significantly slows as the system approaches conditions associated with the localization regime. In this poster,
our theoretical discussion of this regime is based on a fully quantum-posed evaluation of the single photon
scattering problem.
We also consider how the action of an additional coherent control field can affect light diffusion in ultracold
atomic systems. We show that, under conditions of the Autler-Townes effect, a significant portion of the
incident probe pulse can be coherently transferred into a long-lived spin coherence, which is the standard
situation of the quantum memory protocol. The light propagating through the system via the elastic Rayleigh
channel emerges from the sample with an extra time delay. We show that a proper description of the probe light
diffusion should include a diffusion-type spin polariton generated by the interaction with the control mode.
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Novel platforms for light sources
M. Jablan(1), A. Rodriguez(2), J. B. Abad(2), A. Karalis(2), H. Buljan(1),
S. G. Johnson(3), J. D. Joannopoulos(2), M. Soljačić(2)
(1) Department of Physics, University of Zagreb, Croatia
(2) Department of Physics, MIT, USA
(3) Department of Mathematics, MIT, USA

We present a few novel nanophotonic platforms for implementation of improved light
sources. In particular, using a detailed theoretical and numerical analysis, we show how a
Purcell-effect inspired nonlinear nanophotonic scheme could enable optimal and compact THz
sources via optical difference frequency generation. We also describe a novel class of surface
plasmon systems, and their analogues in graphene, which provide unique opportunities for
tailoring dispersion relation; their features could be of interest for future light sources and lasers.
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Fast dynamics of mesoscopic systems
V. Špička1, A. Kalvová1, B. Velický1,2
1
2

Institute of Physics, Academy of Sciences of the Czech Republic, Na Slovance 2, Praha 8, Czech Republic
Faculty of Mathematics and Physics, Charles University, Ke Karlovu 2, Praha 2, Czech Republic

Recent developments in technologies and experiments enable us to observe details of dynamical
behaviour of very small quantum systems under conditions when system behaviour can be very
sensitive to its parameters, interactions within the system, with its borders and to time–dependent
fields affecting the system. This contribution will deal with perspectives of description of full nonequilibrium quantum many body system dynamics within the Nonequilibrium Greens Functions
(NGF) [1].
The basic aim of this approach is to describe time development of the many-body system out of
equilibrium from its initial state over its transient dynamics to its very long time (if e.g. steady state
exists), dynamics. A transient response of electrons in a mesoscopic system depends on the joint
effect of the initial state with correlations and of the driving external disturbances abruptly setting on
at the initial time. Naturally, we will need to discuss the formulation of the initial conditions within
the NGF formalism.
The early period of the transient requires the full NGF for its description. After the disturbances cease
acting the system may enter, under favorable conditions, the non-equilibrium quasi-particle mode [2].
The loss of initial correlations due to interactions and related renormalization processes permits
reduced description by a quantum transport equation. The consistency of such approximations for
NGF may be checked via the non-equilibrium Ward identities [3]. To cover the whole time domain
of transient, these identities must be formulated with included initial conditions [4].
As an example of the NGF description of fast transients, we consider a molecular bridge between two
leads. The transient is induced by rapid changes in the coupling between the leads and the bridge.
Without interactions the model is soluble to the end [5].
[1] V. Špička, A. Kalvová, B. Velický, Physica E 29, 154, ibid 175, ibid 196 (2005).
[2] B. Velický, A. Kalvová, V.Špička, Phys. Rev. B 75, 195125 (2007).
[3] B. Velický, A. Kalvová, V.Špička, Phys. Rev. B 77, 041201(R) (2008).
[4] V. Špička, A. Kalvová, B. Velický, Physica E in print, doi:10.1016/j.physe.2009.08.008.
[5] B. Velický, A. Kalvová, V.Špička, Physica E in print, doi:10.1016/j.physe.2009.08.006.
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Atom chips on direct bonded copper substrates for atom interferometry
Matthew B. Squires, Evan J. Carlson, Paul M. Baker, Walter R. Buchwald, and Steven M. Miller
Air Force Research Laboratory, Hanscom AFB, MA 01731, USA

James A. Stickney
Space Dynamics Laboratory, Bedford, MA 01730, USA
Atom chips have the advantage of very high magnetic field gradients for relatively low power
dissipation at high current densities and the precise placement of wires on an insulating substrate [1].
Power electronics have similar requirements as atom chips (i.e. high current and power dissipation
in a small package). Direct bonded copper (DBC) is a commonly used power electronics substrate
that can be used for reliable, high power atom chips. The advantages of using DBC for atom chips
are: excellent copper to substrate adhesion, thick copper layers (125 µm is a common thickness),
and low resistivity. Reliable and low cost atom chips are readily available because DBC is a common
commercial product. Additionally, high current integrated vias are available in DBC [2]. Atom chip
applications additionally require precise wire placement for the generation of well defined magnetic
fields. Wires are formed in DBC by applying a mask to the DBC and wet chemical etching unwanted
copper from the areas exposed by the mask. The resulting wires have a nearly 1:1 aspect ratio. Other
potential methods for patterning DBC with higher aspect ratio wires are dry chemical etching and
laser etching. Using the DBC atom chip fabrication method two chips were made and assembled (see
Fig. 1) to create a three-dimensional potential for atom interferometry. The top DBC atom chip
provides radial confinement and the back chip provides axial confinement that is used to reflect the
atoms at the classical turning points (atoms are split using an optical standing wave). A classical
turning point interferometer needs a sufficiently harmonic potential so all of the atoms will have
the same oscillation period to avoid dephasing. By varying the chip to chip separation, the wire
separation, and the trapping distance the non-harmonic terms of the radial potential are minimized
to determine the optimal interferometer operating parameters.

Figure 1: Two DBC atom chips epoxied and mounted to a copper block and rod for thermal conductivity. The upper
atom chip structure is approximately 30 mm square.

[1] J. Reichel, Appl. Phys. B 74, 469 (2002).
[2] R. Wang, M. Liu, F. Minardi, and M. Kasevich, Phys. Rev. A 75, 013610 (2007).
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Shaping spontaneous emission pattern
by plasmonic nanocavity
L. Zhu, M. Annamalai, S. C. Samudrala, N. Stelmakh,* and M. Vasilyev
University of Texas at Arlington, Dept. of Electrical Engineering, Arlington, TX, USA
*
Corresponding author and presenter: nikolais@uta.edu
Metal nanostructures enable concentration of optical fields in sub-wavelength volumes. If
active material (e.g. a quantum dot) is placed in such a plasmonic nanostructure, its
interaction with localized field is dramatically enhanced, leading to strong optical
nonlinearity and manifestations of cavity quantum electrodynamics effects (e.g. increase in
spontaneous emission rate), which can be used for making nanoscale nonlinear(wavelength converters, parametric amplifiers, etc.) and quantum-optical (single-photon
sources) devices.
One example of an active plasmonic nanostructure is a slit nanocavity [Fig. 1 (a)]. Due
to its metal boundaries, one dimension of the cavity can be made arbitrary small, leading to
high localization of electric field. Emission from this nanocavity is coupled into entire halfspace, but the use of plasmonic lens [periodic corrugations around the slit – Fig. 2 (b)] can
collimate the light into a narrow angular range compatible with optical fiber or waveguides.
Figure 2 (c) shows the spatio-spectral emission pattern from several CdSe/ZnS quantum
dots placed into the slit, demonstrating the narrowing of the far-field emission pattern by
the plasmonic lens from 180° to full-width-at-half-maximum of ~20°. In the presentation,
we will also discuss our recent results on using the structure of Fig. 2 (b) to harness the
fluorescence of a single quantum dot into a well-defined optical beam.
This work was supported in part by DARPA contract HR0011-08-1-0063 and THECB
Advanced Research Program grant 003656-0073-2007.
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Fig. 1. (a) Schematic of an active plasmonic nanostructure. QD: quantum dot. (b) SEM
image of a cross-section of a slit nanoaperture surrounded by periodic corrugations. (c)
Experimentally observed focusing of fluorescence from several QDs into a narrow beam by
the structure (b).
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Modes of a travelling-wave phase-sensitive optical parametric amplifier
M. Annamalai,1 N. Stelmakh,1* M. Vasilyev,1 and P. Kumar2
University of Texas at Arlington, Dept. of Electrical Engineering, Arlington, TX
*
Corresponding author and presenter: nikolais@uta.edu
2
Northwestern University, Dept. of Electrical Engineering and Computer Science, Evanston, IL
1

Noiseless image amplification and multimode squeezed-light generation by spatially broadband
optical parametric phase-sensitive amplifiers (PSAs) can potentially be used in LADAR systems to
improve the detection sensitivity and resolution of faint images. The experimental realization of a
noiseless image amplifier or a spatially broadband squeezer, however, is extremely difficult. The
traveling-wave nature of gain in these devices requires the use of a tightly focused pump beam. The
resulting spatially varying PSA gain, together with the limited spatial bandwidth of the PSA,
couples and mixes up the modes representing the informational content of the image. Similar spatial
mode-mixing effects (aka gain-induced diffraction) also make it difficult to detect the lowest-noise
mode of a traveling-wave squeezer, because the properly mode-matched detector requires exact
knowledge of this mode’s spatial profile.
We have developed a procedure to find the orthogonal set of independently squeezed (or
amplified) modes of a traveling-wave PSA with spatially inhomogeneous pump (elliptical Gaussian
TEM00 beam). We use the Hermite-Gaussian (HG) expansion of parametric amplifier equation to
efficiently compute the PSA’s Green’s function in HG representation. From this Green’s function,
the noise correlators at the PSA output and the independently squeezed modes of the PSA can be
obtained. Figure 1 shows the fundamental (most squeezed) mode of the PSA for several pump
focusing configurations. The knowledge about the shapes of the natural modes of the PSA will help
in optimizing the parametric image amplifiers and squeezers.
This work was supported in part by DARPA Quantum Sensors Program.
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Fig. 1. Shapes of the PSA’s most amplified / squeezed mode in (top) Hermite-Gaussian
representation (versus x-index m and y-index n) and (bottom) xy-representation for four different
pump spot sizes, with pump powers chosen to achieve PSA gain (and squeezing factor) of 15 for
this mode. The scale of the bottom pictures is the same for all four cases. The white labels indicate
pump power and 1/e intensity radii in x- and y-dimensions (for a PPKTP crystal of 2-cm length).
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New Horizons of Nanoplasmonics: from SPASER to
Attoseconds
Mark I. Stockman
Department of Physics and Astronomy, Georgia State University, Atlanta, GA 30302, USA and
Max Plank Institute for Quantum Optics, Garching, Germany, and
Ludwig Maximilian University, Munich, Germany
Abstract. We consider latest developments in nanoplasmonics. Special attention is focused on spaser (Surface Plasmon
Amplification by Stimulated Emission of Radiation) and ultrafast phenomena. We consider spaser as a nanoscale
generator of coherent local fields and ultrafast amplifier. Among the ultrafast pneumonia, we focus on attosecond
plasmonic-field microscopy. We also discuss various applications of nanoplasmonics.
Keywords: Nanoconcentration of energy, surface plasmonics, SPASER, ultrafast phenomena, attosecond
nanoplasmonics

INTRODUCTION
Nanoplasmonics deals with collective electron
dynamics on the surface of metal nanostructures,
which arises as a result of excitations called surface
plasmons. The surface plasmons localize and
concentrate optical energy in nanoscopic regions
creating highly enhanced local optical fields. They
undergo ultrafast dynamics with timescales as short as
a few hundred attoseconds. There are numerous
existing applications of nanoplasmonics: nanoantennas
and waveguides for efficient coupling of light with
semiconductor devices including photovoltaic cells
and light-emitting diodes, labels for biomedical
research, ultrasensitive detectors and sensors of
molecules and biological objects for biomedicine and
defense, etc.

SPASER AND ATTOSECOND
PLASMONICS
We will focus on the latest developments in
nanoplasmonics. Among them is SPASER as a
quantum nanoscale generator of optical fields [1-5].
Spaser is a nanoscale quantum generator and amplifier
of localized optical fields. It is an ultrafast device able
to work in the bandwidth of more than 10 THz, i.e., at
least ~103 times faster then the conventional MOS
transistor, which is a basis of the contemporary
microelectronics.
Spaser
has
recently
been
demonstrated experimentally [6]. Also observed have
been two types of plasmonic nanolasers [7, 8] We will
present quantum theory of spaser as an ultrafast
nanodevice and bistable (logical) amplifier of
nanolocalized optical fields [9, 10].
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We also consider attosecond nanoplasmonic field
microscope [11, 12].

ACKNOWLEDGMENTS
This work was supported by grants from the
Chemical Sciences, Biosciences and Geosciences
Division of the Office of Basic Energy Sciences,
Office of Science, US Department of Energy, a grant
CHE-0507147 from NSF, and a grant from the US–
Israel Binational Science Foundation.

REFERENCES
[1]
D. J. Bergman, and M. I. Stockman, Phys. Rev.
Lett. 90, 027402 (2003).
[2]
M. I. Stockman, and D. J. Bergman, in
Proceedings of SPIE: Complex Mediums IV: Beyond Linear
Isotropic Dielectrics, edited by M. W. McCall, and G. Dewar
(SPIE, San Diego, California, 2003), pp. 93.
[3]
D. J. Bergman, and M. I. Stockman, Laser Phys.
14, 409 (2004).
[4]
M. I. Stockman, Nat. Phot. 2, 327 (2008).
[5]
M. I. Stockman, and D. J. Bergman, USA Patent
No. 7,569,188 (August 4, 2009).
[6]
M. A. Noginov et al., Nature 460, 1110 (2009).
[7]
M. T. Hill et al., Opt. Express 17, 11107 (2009).
[8]
R. F. Oulton et al., Nature 461, 629 (2009).
[9]
M. I. Stockman, Journal of Physics A, (In Press)
(2009).
[10]
M. I. Stockman, arXiv:0908.3559 (2009).
[11]
M. I. Stockman et al., Nat. Phot. 1, 539 (2007).
[12]
J. Q. Lin et al., J. Phys.: Condens. Mat. 21, 314005
(2009).

241

Speaker: Douglas Stone
Session: Novel and complex laser structures
Schedule: Thursday Morning Plenary Session 2

“Novel Lasing Structures and Phenomena from Ab Initio Theory”
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We review the recently developed Ab Initio Self-Consistent Laser Theory (AISC), which determines
the stationary multi-mode non-linear lasing states (frequencies, thresholds, field patterns, output power)
for laser structures of arbitrary complexity and openness [1-3]. The theory transforms the timedependent semiclassical lasing equations into a set of time-independent self-consistent equations,
enabling much more efficient laser simulations and improved physical insight. Generalizations to
multi-level lasing and to full vector treatments of the fields are given. This formulation is ideal for
treating complex modern lasing structures such as photonic crystal, random, chaotic or deterministic
aperiodic lasers which have already been studied experimentally. It also suggests novel lasing
phenomena that have not to our knowledge been explored. Examples discussed in this talk are:
(1) Directional emission and improved output power from deformed dielectric cavity lasers.
(2) Two-dimensional and three-dimensional random lasers in the diffusive or quasi-ballistic regime.
(3) Laser sensing in one-dimensional deterministic aperiodic lasers based on Fibonacci, Thue-Morse
and Rudin-Shapiro sequences.
(4) Surface emitting photonic crystal lasers based on Fano resonances and not on defect modes.
(5) Coherent perfect absorbers or time-reversed lasers. These are narrow band absorbers of coherent
radiation obtained by tuning the material absorption to realize a zero of the device scattering matrix on
the real axis. We show that such devices are realizable in indirect band-gap semiconductors such as
silicon.
(6) Gain-controlled lasing modes arising from non-uniform gain and the resulting resonant scattering
from the boundary of the gain medium.

Dielectric stack laser sensor in
Fibonacci sequence (see inset).
Output of mode 2 (red) is
switched off by non-linear
interactions with modes 1,3
(blue, green) in a manner which
is sensitive to presence (dashed
line) or absence (solid line) of a
small index change due to
analyte.

[1] “Self-consistent multimode lasing theory for complex or random lasing media", H. E. Tureci, A. D. Stone,
and B. Collier, Phys. Rev. A 74, 043822 (2006).
[2] “Strong Interactions in Multimode Random Lasers”,H.E. Türeci, L. Ge, S. Rotter & A.D. Stone, Science 320,
643-646 (2008).
[3] “Ab Initio Self-consistent Laser Theory and Random Lasers”, H. E. Tureci, A. D. Stone, L. Ge, S. Rotter and
R. J. Tandy, Non-Linearity, 22, C1-C18 (2009).
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The electronic spectroscopy of ultracold KRb molecules
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The electronic spectroscopy of ultracold KRb molecules has been extensively studied in recent years [1-7]
as one of the most promising heteronuclear (and hence polar) alkali metal diatomic molecules [8-9]. Initial
results focused on using photoassociative spectroscopy [PAS] to produce excited ultracold KRb molecules
in high rovibrational levels of all electronic states near the K[4s]+Rb[6p] asymptotes [1-2].
We subsequently were able to show using two-photon resonance-enhanced multiphoton ionization
[REMPI] with vibrational resolution that these excited states decayed by spontaneous emission primarily to
high vibrational levels of the X ground singlet state and the a metastable triplet state near the lowest
dissociation asymptote, K[4s]+Rb[5s] [3]. Later we were able to study these high near-dissociation levels
with rotational resolution using a form of ion depletion spectroscopy [5].
The REMPI spectra mentioned above provided information with vibrational resolution on a number of
excited electronic states above those observed by PAS [4,6]. In addition, the ion depletion technique [5]
was applied to obtain rotational resolution on a promising set of intermediate levels for PUMP-DUMP
Raman scattering between the highly excited levels near the lowest dissociation asymptote and the v"=0,
J"=0, lowest rovibrational level of the X singlet ground state [X(0,0)]. This level has recently been
produced at JILA in a remarkable set of experiments, including elucidation of and manipulation among the
very closely spaced hyperfine levels [10-11]. Such levels are of great interest for possible ground state
molecule Bose-Einstein Condensation [BEC] and for ultracold chemistry.
More recently, we have been pursuing another means of accessing the X(0,0) level directly, rather than via
Raman scattering, namely resonant coupling of two excited electronic states near the K[4s]+Rb[6p]
dissociation asymptotes [7]. Such levels were studied many years ago by conventional spectroscopy [1112] and tabulated in [2], but only recently assigned in PAS [7]. The two lowest singlet pi states of the KRb
molecule undergo an avoided crossing and are strongly mixed (resonantly coupled) when the energies of
vibrational levels in the two levels are close, say within ~1cm-1. Various levels of the first singlet pi state
(v'=60-63) were observed by PAS [2,7]. The v'=17 level of the second pi state has now also been observed
[7]. Since the second singlet pi state dissociates to the upper K[4p]+Rb[5s] asymptote and is known to be
repulsive at long range [8], it was not initially expected to be observable by PAS. However, since the v'=17
level is coupled to the v'=60 level of the first singlet pi state, the wavefunction is a linear combination
a|2,17>+b|1,60>, and thus PAS is allowed through the |1,60> component. Likewise, the decay of most
|1,v'> levels would not efficiently produce X(0,0) molecules. However, |2,17> has very good wavefunction
overlap with the X(0,0) level and thus both coupled levels are predicted to efficiently produce X(0,0).
Experiments to observe this are underway at UConn.
This research was carried out with support of the NSF, AFOSR, and the UConn Research Foundation and
in collaboration with the coauthors of [1-9].
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Abstract: The goal of our recent research is to demonstrate experimentally a new
phenomena on generating X-ray lasing by coherently driven transitions in He atoms and
He-like ions [in analogy to lasing without inversion (LWI) in visible region, which has
been demonstrated in the past1]. The experimental research will be based on just recently
developed theory of LWI in He atoms at 58 nm as a transient lasing in a three-level
system2. One of the main thrusts of this theory is coherent control of transitions in He
triplet states. This theory also predicted that the results obtained in He can be
straightforward generalized for He-like ions such as B3+ with lasing at 6.1nm, whereas
lasing wavelengths farther rapidly decreases with increasing Z of He-like ions. Therefore,
the initial goal of the experiment will be to obtain lasing action in He atoms at 58nm, on
which we will build up the experiment on generating lasing action in He-like B3+ ions at
6.1nm.
Recent news that X-ray free electron laser (X-FEL) at SLAC (Stanford) became
operational at 0.15 nm provided huge excitement for scientists in various disciplines.
Tremendous effort of many researchers, engineers and technicians for dozens of years at
very large costs are finally paying off. The very large cost of such a large “scientific
tool” did not diminish the importance of the achievement, which is expected to have a
profound impact on the studies in many fields such as: crystallography, condense matters,
high resolution microscopy of biological elements and many more. However, very large
cost and size, will force researchers to develop compact, quite inexpensive coherent Xray sources, which could be used in individual researcher laboratories. Therefore, if we
will be able to achieve the coherently driven, compact lasers in X-ray regions, it would
add an excellent “tools” to the X-FEL.
By preparing an atomic system in a coherent superposition of states, under certain
conditions, it is possible for atomic coherence to cancel absorption but not emission.
This is the basis for coherently driving lasing [lasing without inversion (LWI)]; the
essential idea being the absorption cancellation by atomic coherence and interference. A
small population in the excited state can thus lead to net gain in XUV and x-ray regions.
We will present experimental approach to coherently driven lasing in He atoms
using intensive, 100fsec laser pulses in combination with 2 OPAs, following by approach
to generate lasing in He-like B3+ ions with significantly higher pulse intensities of laser
and OPAs.
______________________________________________________________________
1

G.Padmabandu, G.Welch, I.Shubin, E. Fry, D. Nikonov, M.Lukin, and M.Scully , Phys. Rev.
Lett. 76, 2053 (1996).
2
M.Scully, E.Sete, S.Suckewer, A. Svidzinsky, “XUV Lasing Without Inversion via He Triplet
States”, to be submitted for publication
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Control of ElT and Pulse Propagation by Pulse Shaping
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Abstract:
By changing the shape of pulse, we find that the effect of Electric Induced Transparency and the propagation of
pulse through multi level molecular medium can be controlled. This provided a potential way to measure the
amount of interaction between laser pulse and molecules during the propagation.
Under the Λ system model, we numerically solved the Liouville equation of motion for the density matrix. We selected both Gaussian
and stokes pulse, and found that with different shape of pulse, the EIT effect will changed apparently. By calculating the hole-filling
effect, we found a way to measure the interaction of molecules with laser.

Fig. (1-a) Raman transition in a molecular medium probed by a pump pulses Ω1 and a stokes pulse Ω2.
Fig.(1-b) theory model of closed Λ system. Field Ω1 coupled levels |b> and |a> has Gaussian profile. Field Ω2 coupled level |a> and |c>
can change shape. The field Ω1 has a detuning Δ on the transition between the coupled levels. γ1 and γ2 are the corresponding decay
rate from up states |a> to lower state |b> and |c>.
Fig (2) The control of EIT by pulse shaping. For both (a) and (b), the input field Ω2 has the same Gaussian pulse shape, For the input
field of Ω1 , in Fig. (2-a), it is also a Gaussian Pulse, In Fig. (b), it is Sinh-Gaussian pulse. By the selection of pulse shape, the EIT
phenomena disappeared.
Fig (3) Spectral profile of input and output of stokes pulse Ω2 . In Fig (a) there is a hole in the central frequency. In Fig (b), after
interacting with the molecular medium, the spectral hole is partially filled.
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Design of a quantum dot (well) solar energy convertor utilizing wide
solar spectrum
Anatoly A. Svidzinsky and Marlan O. Scully
Texas A&M University, College Station, Texas 77843; Princeton University, Princeton, New Jersey 08544

Solar cells are the most promising, ecologically safe candidates for alternative energy sources. An efficient cell
must be able to convert most of solar photons (with energy spectrum from 0.5 to 3.5 eV) into electric energy. Due
to thermalization losses and lack of absorption of photons with energy less then band gap a single pn junctiontype solar cell is not very efficient [1]. Efficiency can be increased in tandem cells by offering the solar cell only
photons within the narrow energy interval and processing the other photons by cells with a different band gap
[2]. The upper limit for the efficiency of an infinite tandem is 86% [1]. However, high-efficiency multiple-junction
solar cells can be fabricated only from a limited set of materials that can provide lattice matching. The most
presently efficient (about 40%) solar cells are triple-junction devices [3].
We propose a design of a tandem solar energy convertor made of the same wide band gap semiconductor with
quantum dots (or wells) embedded in depletion region (see Fig. 1). The dot (well) size gradually changes across
the junction yielding energy levels position shown in the figure. A decrease in the energy gap in the depletion
region away from the photosensitive surface provides effective absorption of photons in a certain energy range by
each element of the cascade resulting in a higher utilization efficiency of solar radiation. Electrons (holes) move
through the depletion region by quantum tunneling from one dot (well) to another. Advantage of the proposed
design is the lack of lattice matching problem and generation of electron-hole pairs in narrow depletion regions
which yields fast spatial separation of charges without recombination.

FIG. 1: Structure of quantum dot (well) solar energy convertor with series pn junction layers.
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The Anderson Metal-Insulator Transition with Atomic Matter
Waves
Hans Lignier,1 Julien Chabé,1 Gabriel Lemarié,2 Benoît Grémaud,2
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Abstract: Thanks to a three-frequency kicked rotor scheme, we report the experimental
observation of the 3D Anderson transition in disordered systems.
The Anderson localization plays a central role in the study of disordered systems [1-4]. By placing lasercooled atoms in a pulsed standing wave, we have realized a quantum-chaotic system. With the underlying
classically-chaotic dynamics playing the role of the disorder, such a system is equivalent to the Anderson
model. Provided they are all incommensurate with each other, the number of frequencies in the standing
wave sequence gives the dimensionality of this system. This allowed us to observe the 3D Anderson phase
transition in very good conditions. Thanks to scaling properties characteristic of this phase transition it is
possible to extrapolate the dynamics to asymptotically long times, and as a consequence, to deduce the
transition critical exponent. Finally observations at the critical regime are also reported.

Fig 1. Left: schematic view of the disorder potential. It is created by a pulsed standing wave laser whose height is
governed by a two tone frequency sequence. The on/off period gives the third frequency. The arrow symbolizes the
time evolution. Right: Phase diagram of the quasiperiodic kicked rotor (numerical simulations). The localized
insulator region is shown in blue; the diffusive metallic region is shown in red. The experimental parameters are
swept along the diagonal dash-dotted line. The insets show the experimentally observed momentum distributions,
localized in the insulator region and Gaussian in the diffusive (metallic) region.
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Capturing structural snapshots of reacting molecules by femtosecond
time-domain Raman spectroscopy
Satoshi Takeuchi and Tahei Tahara
Molecular Spectroscopy Laboratory, Advanced Science Institute (ASI), RIKEN
2-1 Hirosawa, Wako 351-0198, JAPAN.
stake@riken.jp
Chemical reactions of polyatomic molecules involve not only the formation / breakage of a particular bond but
also skeletal deformations of the whole molecule. Because of this complicated nature, our understanding of the
structural change and relevant potential energy surface (PES) has often been limited to an oversimplified reaction
coordinate that neglects global motions across the molecular framework. To overcome this limit, it is crucial to track
the structures of unstationary excited states that continuously evolve throughout the reaction. Motivated by this
challenging idea, we studied the ultrafast structural dynamics and shape of the reactive PES in photoisomerization of
cis-stilbene by femtosecond time-domain Raman spectroscopy using 11-fs pulses.
We first generated S1 cis-stilbene by uv irradiation, and then introduced an ultrashort visible pulse to generate an
S1 nuclear wavepacket at various delay times (∆T) by the impulsive Raman process. The wavepacket motion was
monitored by the third pulse as beating features in the Sn←S1 absorption change. The time-domain vibrational traces
clearly showed a beating feature due to a predominant mode around 240 cm-1 (Fig.1). Remarkably, Fourier
transform analysis indicated that its frequency exhibits a substantial downshift as large as 24 cm-1 in a few
picoseconds. Furthermore, the solvent dependence of the rate of the frequency downshift coincided with the solvent
dependence of the isomerization rate (S1 lifetime). Therefore, the observation of the frequency downshift indicates
that the force constant of the predominant mode substantially decreases through anharmonic coupling with the
isomerization motion. In other words, the structural evolution along the isomerization coordinate was tracked
through the frequency change of the “spectator” wavepacket motion. We also calculated the PES and vibrational
structure of S1 cis-stilbene by a time-dependent DFT, and found that it perfectly reproduces the frequency downshift
observed experimentally. This advanced experiment combined with high-level computations demonstrates highly
anharmonic nature of the multidimensional S1 PES of cis-stilbene, and reveals a structural evolution occurring with
isomerization in the picosecond time scale (Fig.2). In the presentation, we will also discuss the dynamics of ultrafast
structural distortion in organometallic complexes which has been newly revealed by this spectroscopy.
This work was performed in collaboration with Prof. S. Ruhman (Hebrew Univ.), Prof. T. Tsuneda (Univ. Tokyo), Dr. M. Chiba (AIST),
Prof. T. Taketsugu (Hokkaido Univ.), Dr. M. Iwamura (Toyama Univ.), Dr. K. Ishii (RIKEN), and Dr. H. Watanabe (RIKEN).

Figure 2. Structural changes at (a) early and (b) later times
in the photoisomerization of cis-stilbene.
Figure 1. Time-domain vibrational data of cis-stilbene in
hexadecane for ∆T = 0.3, 1.2, and 2.0 ps. (inset) FT power
spectra for the three delay times.
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(Dated: October 30, 2009)
With the strong spin-dependence of their mutual interactions, ultra-cold alkali atoms are natural
candidates for simulating quantum spin systems. In single spin-component systems, the cold atom
laboratorys successes in simulating quantum many-body systems have been driven by powerful,
unusual control knobs such as the control over inter-particle interactions. Currently, the routine
method to control inter-particle interactions put the atoms in a homogeneous magnetic field tuned
near specific, Feshbach resonant field strengths. Cold atom experiments have successfully mimicked
spin ? particles by selecting two hyperfine states of the trapped atoms in a static external magnetic
field. In what sense do the pseudo-spins act as spins and how can Feshbach resonances vary the
spin-dependent part of the effective interparticle interactions? In this presentation, we discuss
the effective spin-spin interactions of ultra-cold alkali-atoms as well as the implied phenomenon
of hysteresis and we point out the opportunities for studying macroscopic quantum tunneling of
collective spins.
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Optimizing Stand-Off Superradiant Spectroscopy Via a Genetic Algorithm
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Genetic Algorithms have been used in a wide variety of different applications and fields as a method to
optimize a system or process empirically. Our interest is in controlling the direction of propagation of
the emitted light. This is accomplished by sending pairs of pulses in a swept gain configuration into our
sample cloud of atoms and decreasing the delay time between the pulses in each successive pair. This
creates an amplifying region in a cylindrical portion of the cloud along the path that pulses travel.
Essentially, this region acts as a gain guide and a beam of emitted light is produced propagating in the
backward direction. Here, we use a genetic algorithm in conjunction with a pulsehaper to find the ideal
timing delay and optimal shape of our light pulses that maximize the intensity of emitted light in the
backward direction.
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Nature of lasing modes in weakly scattering disordered media
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Novel laser designs have recently emerged due to modern nanofabrication capabilities. Striking among
these are diffusive random lasers (DRLs). In its simplest realization, the DRL consists of an aggregate of
weakly scattering nanoparticles which have gain, or are embedded in a gain medium (Fig. 1a shows a twodimensional realization of a DRL pumped with incoherent light from above). These lasers have no mirrors or
reflecting boundaries to confine light; light generated in the gain medium by stimulated emission multiplyscatters as it diffuses out to the boundary and escapes from the aggregate. Nevertheless DRLs are known to
display a well-defined lasing transition and narrow lasing lines.

(a)

(b)

We show here that typically, DRLs produce coherent laser light at several frequencies [1] as shown in
Fig. 1b. The lasing modes away from the threshold are “composite” modes, which thus do not correspond
to any single solution of the linear wave equation (the circular insets display the field distributions of the
lasing modes specific to each lasing frequency with white circles marking the boundary of the gain medium).
Spatial hole burning interactions between lasing modes can be so strong that the frequency spectrum is
“cleaned up” of modes with small frequency spacing via a variant of spontaneous frequency locking or
synchronization, leading to a well-separated frequency spectrum under the gain curve (black dashed curve).
While the emission intensities of the individual lasing modes are highly susceptible to spatial fluctuations of
the pump source, emission frequencies remain relatively stable (solid lines show spectral peaks for uniform
pumping and dashed lines for pump with spatial fluctuations). A similar behavior was observed recently in
experiments on porous GaP random lasers [2].

1.
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Correlations in single-quantum experiments.
A note on wave-particle duality
Sándor Varró
Research Institute for Solid State Physics and Optics of the Hungarian Academy of Sciences
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Abstract. Correlations of detection events in two detectors placed at the opposite sides of a beam splitter are studied in
case of single-quantum excitations of the measuring apparatus. The results of well-known beam experiments on photon
anticorrelation, photon bunching and fermion antibunching are quantitatively interpreted in the frame of classical
probability theory, by applying both the particle and the wave picture at the same time.

In the present contribution we attempt to give a new interpretation of correlations between single-quantum detections by two
detectors placed at the opposite sides of a non-absorptive beam splitter. By definition, it is supposed that only one quantum is
present in the whole apparatus during one measurement act, and the energy of this quantum is just enough to excite only one
of the detectors. The applied formalism relies on classical probability theory, and Planck’s constant comes into consideration
as the minimum size of a phase-space cell in the beam. We view an elementary measurement as a ternary process in which
either detector A, or detector B is excited, or neither of them [1]. These mutually exclusive but not independent events A, B
and C form a complete set with positive probabilities, P(A)=p, P(B)=q and P(C)=r, where p+q+r=1. Event C may correspond
to the splitting of the quantum, as a wave, into two parts, which propagate towards A and B, but these parts cannot excite
neither of the detectors, as is shown in Figure 1.

Figure 1. Illustration of the three possible outcomes A, B and C of an elementary measurement which are mutually
exclusive but not independent. If P(C)=r=0, then there is a strict anticorrelation between A and B. Left and Center:
Detector A or B is excited by absorbing the point-like quantum. Right: The wave-like quantum splits into two separately
propagating parts having only fractions of the incoming energy, thus these parts cannot excite neither of the detectors.

Consider a sequence of a definite number of n independent elementary measurements, and introduce the variables ξn(A) and
ηn(B), giving the random number of measurements when detector A or B is excited, respectively. The joint probabilities
P(ξn=m,ηn=k) follow a trinomial distribution, and the correlation coefficient R(ξn ,ηn) = – [pq/(1 – p)(1 – q)]1/2 is universal, in
the sense that it has the same negative value for both bosons and fermions, and it is independent of n. The normalized number
of coincidences M(ξn·ηn)[M(ξn)·M(ηn)] –1=1–1/n reproduces quite well [1] the experimental results by Grangier, Roger and
Aspect [2] on photon anticorrelations. Without ‘quantum-splitting’ (C=O, i.e. r=0), there is a strict anticorrelation (R= –1)
between A and B for any n.
In most cases we do not secure that during a whole experimental run the number of excitations is exactly a definite number n,
rather, the results of the measurements refer to serieses of weighted n-sequences [1, 2]. The joint probability distribution
P(ξ=m,η=k) = ΣnWn P(ξn=m,ηn=k) is now a mixture, whose characteristics are determined by the statistical properties of the
source through the weights Wn . For Poisson serieses the correlation is zero, R(ξ,η)=0, moreover ξ and η become
independent, though in the elementary measurements A and B still exclude each other [1]. Thus, we may think that “photons
falling on a semi-transparent mirror are not split – but at random pass on in the one or the other component of the beam” [3].
In a section of a beam of quanta entering the measuring apparatus during the detection time τD , the number of phase-space
cells of size ΔxΔp=h equals Z=2τD/τc , where the coherence time, associated to the longitudinal propagation, is defined as
τc=1/Δν =1/(ΔE/h). The calculated normalized number of coincidences M(ξ·η)[M(ξ)·M(η)] –1=1±1/Z= 1±τc/2τD for thermal
photon (+) and fermion (–) beams are in a good quantitative agreement with the experimental results for photon bunching [4]
and electron and neutron antibunching [5].
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Neutron antibunching in a recent experiment
Sándor Varró
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Abstract. On the basis of classical probability theory and simple phase-space considerations, it is shown that the recent experimental results
obtained by Iannuzzi et al. [1] on neutron antibunching can be interpreted by taking into account only single-particle coherence. The
calculated depth ~2% of the reduction of the relative accidental coincidences agrees quite well with the experimental results. This is to be
contrasted with the value <10-12 obtained by Yuasa et al. [5] by using a quantum field theoretical description of two-particle correlations. It
is argued that the origin of the measured correlations is ‘simply’ self-coherence, which, according to our interpretation, stems from the
indistingvishability of quanta occupying phase-space cells belonging to independent realizations of ensembles.

In a recent paper Iannuzzi et al. [1] have reported on the observation of fermion antibunching in coincidence
measurements on a split beam of free noninteracting neutrons. They claim that their result ‘is a fermionic complement to the
Hanbury Brown and Twiss effect for photons’ [2]. It is well-known [3] that in thermal neutron beams, generated even by the
today’s most advanced source used in the experiment, the degeneracy parameter δ is of order of 10-14, or less. Thus, it is not
expected at all that two-particle quantum correlations could play any role in this kind of experiments (for which a data
aquisition time ~10 000 years has been estimated [4]). According to a recent thorough quantum field theoretical investigation
of the two-particle correlations due to Yuasa et al. [5], the supression of the relative background coincidences (the depth of
the antibunching dip appearing at the symmetric arrangement of the detectors) is of order of 10-12 in the fermion analogon of
the very Hanbury Brown and Twiss effect, in contrast to the measured ~ two percents [1].
In the present contribution we give a simple interpretation of correlations between single-neutron detections by two detectors
placed at the opposite sides of a beam splitter. By assumption, only one quantum is present in the whole apparatus during one
measurement act, and only one of the detectors can be excited. The applied formalism, which has recently been worked out
by us [6], relies on classical probability theory. Planck’s constant comes into consideration ‘simply’ as being the size of a
phase-space cell in the beam, and de Broglie’s dispersion relations have also been used. An elementary measurement is
considered as a ternary process in which either detector A, or detector B is excited, or neither of them [6]. These mutually
exclusive but not independent events A, B and C form a complete set with positive probabilities, P(A)=p, P(B)=q and P(C)=r,
respectively, where p+q+r=1. In this way the joint probability distributions of the detection events are expressed as trinomial
distributions, for both bosons and fermions. The fermionic charater of the thermal neutrons is taken into account through the
binomial weights Wn(M), which are probabilities of that exactly n fermion occupy M modes in an ergodic ensemble.
B
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Figure 1. Left: Illustration of the three possible outcomes A, B and C which are mutually exclusive but not independent events, since, e.g.
P(A'B)=0≠P(A)P(B)=pq. Center: ‘Time diagram’ of the delayed coincidence experiment. The total duration of the observed interaction
Δtªtinteraction=τ+τD b τwindow=4.4μs is determined by the electronic time window plus the dead time of the detectors, where τ=(x-x0)/v and
τD=0.33μs are the applied time delay and the scintillator detection time, respectively. The number of vertical red lines is proportional to the
effective number of longitudinal phase-space cells, which is given by the relation M=Δt/τc¥1, where the coherence time τcª2πΔE/h has been
estimated to be ~19ns (ΔE is the energy spread of a neutron wave). For an unpolarized beam the number of phase-space cells is Z=2M, where
the factor 2 comes from the internal spin degree of freedom, as usual. Right: Illustration of the normalized number of coincidences depending
on the difference of distances of detectors from the beam splitter. The maximum size of the reduction is 1/2Mmin º1-3%, when the temporal
ranges of the detections completely overlap at zero difference x – x0=0, yielding the minimum number of relevant modes Mmin=τD / τc.

According to our calculations the correlation coefficient ~ –pδ/(1−pδ) is practically zero, as is expected for an almost
Poissonian incoming beam. The normalized number of coincidences 1 – 1/2M=1 – τc/2τD does not depend on the degeneracy
(average occupation of phase-space cells). The depth of the antibunching dip was found to be 1-3%, in good agreement with
the experimental results. In the light of the present analysis, in the experiment by Iannuzzi et al. [1] not the fermionic
analogon of the Hanbury Brown and Twiss effect was observed, but rather a manifestation of single-quantum coherence.
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See also the invited talk entitled “Correlations in single-quantum experiments. …”, given by the author at the present conference.
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Multichannel all-optical regeneration
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Up until now, all-optical regenerators have remained inherently single-channel devices (just like
their electronic counterparts) and, as such, do not offer the same advantage of optical processing
parallelism as optical fibers and amplifiers. Indeed, the simultaneous regeneration of multiple
wavelength-division-multiplexing (WDM) channels is a big challenge, because the operation of
an all-optical regenerator fundamentally relies on optical nonlinearity leading to debilitating
four-wave-mixing (FWM) and cross-phase-modulation (XPM) interactions among the channels.
We have recently proposed and developed the first, to our knowledge, 2R regenerator
scheme capable of handling a large number of WDM channels simultaneously. It is based on the
simple and robust Mamyshev’s regenerator (off-center filtering of self-phase-modulationbroadened signal spectrum), in which the conventional highly nonlinear fiber (HNLF) is replaced
by a novel dispersion-managed nonlinear medium. This medium’s dispersion properties are
tailored to multi-channel operation in such a way that different WDM channels propagate with
very different group velocities whereas various frequency components of the same channel travel
at the same velocity. High phase- and group-velocity mismatch between the channels (interchannel dispersion) dramatically suppresses FWM and XPM. At the same time, dispersion
within each channel’s band is kept small to preserve the pulse integrity and ensure large spectral
broadening of the signal by self-phase-modulation (SPM). This novel medium can be built from
short pieces of highly dispersive HNLF, separated by periodic group-delay devices (PGDDs)
with periodic saw-tooth-like group-delay spectrum, so that the group-delay spectrum of each
HNLF-PGDD unit section is staircase-like.
In the talk, we will discuss our experimental results demonstrating 2R regeneration of 8- and
12-channel 10-Gb/s signals with 200-GHz spacing in such a medium. For this task we built a
recirculating loop, where, instead of cascading multiple identical HNLF-PGDD sections, we
used only one such section and passed signal through it multiple times. We use 1.25 km of
dispersion-compensating fiber (DCF; nonlinear constant γ~5(W⋅km)–1, dispersion D=–120
ps/nm/km) as a nonlinear medium, with ~+20 ps/nm net residual dispersion per loop. The signals
in two co-polarized sets of 400-GHz-spaced WDM channels are interleaved to form eight or
twelve 200-GHz-spaced channels and modulated by two independent pattern generators (PGs)
with slightly different clock frequencies. We also add a 2-bit delay between the adjacent
channels within each set, decorrelating the patterns originating from the same PG. This ensures
that we study a realistic worst-case scenario of co-polarized uncorrelated WDM channels, with
random delays between the pulses of the neighboring channels. We degrade the signal by 25%
amplitude jitter via adding a small amount of light from a crosstalk laser tuned to the signal’s
wavelength. After 5 or 6 circulations in the loop, the regenerated signals are selected, one at a
time, by two cascaded 0.2-nm-wide tunable filters (OBPFs) with net FWHM≈20 Ghz and ~0.15nm offset from the original signal’s wavelength. The eye-opening improvements for all 12
channels after their simultaneous 2R regeneration, measured by comparing curves of the bit-error
rate vs. power entering the receiver’s optical pre-amplifier, are better than 2 dB.
This work was supported in part by NSF grants DMS-0507429 and DMS-0507540.
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Non-Gaussian Entanglement with Spatial Variables of Photons
S. P. Walborn,1, ∗ R. M. Gomes,2, 1 A. Salles,1 F. Toscano,1 and P. H. Souto Ribeiro1
1

Instituto de Fı́sica, Universidade Federal do Rio de Janeiro,
Caixa Postal 68528, Rio de Janeiro, RJ 21941-972, Brazil
2
Instituto de Fı́sica, Universidade Federal de Goiás, Goiânia GO 74.001-970, Brazil
Using photon pairs entangled in the spatial degrees of freedom, we experimentally identify nonGaussian continuous variable entanglement by violation of a higher-order separability criteria.

Most of the attention given to continuous variable systems for quantum information processing has
traditionally been focused on Gaussian states [1]. However, non-Gaussianity is an essential requirement
for universal quantum computation and entanglement distillation, and can improve the realization of
quantum teleportation and quantum cloning.
Here we report the experimental observation of genuine non-Gaussian entanglement using spatially
entangled photon pairs produced from spontaneous parametric down-conversion. Fig. 1 shows the experimental setup and results. Lenses are used to measure the position x and momentum p of the photons
at the output planes. We obtain the coincidence count distributions shown on the right, which are used
to violate a fourth-order Shchukin-Vogel inequality, demonstrating entanglement [3]. The quantum correlations are invisible to all second-order tests which identify entanglement in the covariance matrix [2].
The transverse spatial degrees of freedom of photon pairs presents a rich workplace to investigate
aspects of non-gaussianity and entanglement.
HeCd laser, 441.6 nm
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FIG. 1: LEFT: Experimental setup. The glass slide and cylindrical lens are used to prepare a non-gaussian
state. RIGHT: Coincidence counts corresponding to the joint probability distributions obtained from coincidence
counts. Insets correspond to theoretical distributions.

[1] S. L. Braunstein and P. van Loock, Rev. Mod. Phys. 77, 513 (2005).
[2] R. Simon, Phys. Rev. Lett. 84, 2726 (2000).
[3] E. Shchukin and W. Vogel, Phys. Rev. Lett. 95, 230502 (2005).
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Directional emission from deformed microcavities
Qi Jie Wang
School of Electrical and Electronic Engineering, Nanyang Technological University, Singapore, 639798,
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Federico Capasso
School of Engineering and Applied Sciences, Harvard University, 9 Oxford Street, Cambridge MA 02138
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Max-Planck-Institut für Physik komplexer Systeme, Nöthnitzer Straße 38, D-01187 Dresden, Germany

Jan Wiersig
Institut für Theoretische Physik, Universität Magdeburg, Postfach 4120, D-39016 Magdeburg, Germany

Tadataka Edamura, Masamichi Yamanishi, Hirofumi Kan
Central Research Laboratories, Hamamatsu Photonics K. K., Shizuoka 434-8601, Japan
Email: qjwang@ntu.edu.sg

Abstract: We demonstrate microcavity λ=10 µm quantum cascade lasers with high Q whispering
gallery-like modes and directional emission. Their performance is robust with respect to variations
of the deformation factor near its optimum value ε=0.40. Excellent agreement between experiments
and theory is achieved. A “universal far-field behavior” of this type of resonator is demonstrated.
Micro-cavity lasers [1], which can confine light in a small mode volume with high quality factors, have become an
important platform not only for integrated optoelectronic applications but also for fundamental studies such as cavity
quantum electrodynamics and nonlinear optical processes. By employing total internal reflection, ultra-low threshold
lasers with ultra-high Q-factor have been demonstrated. A serious disadvantage, however, is that these lasers have
limited output power and almost isotropic far field emission patterns.
To improve the output coupling efficiency and emission directionality of microcavity lasers, various types of
deformed structures have been demonstrated [2] and proposed [3]. However, few of them are very promising in terms
of achieving highly directional emission. In addition, the Q-factor of these devices degrades significantly with the
cavity deformation due to the Q spoiling effect.
In this paper, we fabricated λ=10µm quantum cascade lasers (QCLs) with a Limaçon-shaped micro-cavity, which
has been shown to be able to achieve highly directional emission while keeping high Q-factor modes [4, 5]. We
obtained significant peak output power (~10 mW), a far-field divergence angle below 35° in the plane to the material
layers, and a Q-factor of more than one thousand (see Fig. 1). The measured far-field emission patterns are in
excellent agreement with the simulations. While the measured spectra show a transition from whispering gallery-like
modes to a more complex mode structure at higher pumping currents, the far-field is insensitive to the pumping
current demonstrating the predicted “universal far-field behavior” of this class of chaotic resonators. The device may
find applications in photonic integrated circuits (PICs).
The authors acknowledge funding from the AFOSR (Gernot Pomrenke), and facilities support from Harvard’s
Center for Nanoscale Systems, a member of the National Nanotechnology Infrastructure Network.
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Figure 1. (a) Top view of the device taken with an optical microscope; (b) Light-current-voltage (L-I-V) characteristics of Limaçon micro-cavity
QCLs with R0=110 µm and ε=0.40; (c) wave simulation of the highest quality-factor (Q-factor) whispering gallery-like mode; the inset shows the
near-field intensity distribution; and (d) experimental measurement of the lateral far-field patterns for a device with optimal ε= 0.40 and R0= 80µm.
Reference
[1] K. J. Vahala, “Optical microcavities,” Nature 424, 839 (2003).
[2] C. Gmachl, F. Capasso, et al., “High-Power Directional Emission from Microlasers with Chaotic Resonators,” Science 280, 1556 (1998).
[3] J. Wiersig and M. Hentschel, “Unidirectional light emission from high-Q modes in optical microcavities,” Phys. Rev. A 73, 031802(R) (2006).
[4] J. Wiersig, et al., “Combining Directional Light Output and Ultralow Loss in Deformed Microdisks,” Phys. Rev. Lett., 100, 033901, (2008).
[5] C. L. Yan, Q. J. Wang, et al., “Directional emission and universal far-field behavior from semiconductor lasers with Limaçon-shaped
microcavity,” Appl. Phys. Lett., , (2009).
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Monolithic Terahertz Transceivers Integrating QCL’s and Schottky Diodes.
M.C. Wanke, M. Lee, C.D. Nordquist, M. Cich, A.D. Grine*, C.T. Fuller, and J.L. Reno
1

Sandia National Labs, Albuquerque, NM, USA
LMATA Government Services, Albuquerque, NM, USA
Telephone: 505-844-2532, Fax: 505-284-7690, E-mail: mcwanke@sandia.gov
2

THz quantum cascade lasers are promising solid-state sources for use as local-oscillators in THz
heterodyne receiver systems1. To date all reported THz photonic systems employing QCLs have used
discrete source and detector components coupled via mechanically aligned free-space quasioptics.
However, the highly divergent and non-Gaussian output beam patterns observed from QCLs can
significantly reduce the coupling of the power from the laser to the diode receiver.2
We present a monolithically integrated THz heterodyne transceiver where the mixer is directly
integrated into the laser core so that the mixer couples directly to the internal laser modes. When a FabryPerot cavity is used for the integrated QCL, the mixer generates a downconverted signal at the difference
frequency of the internal modes without the need to use an external detector as used in previous
measurements3. In addition, when illuminated by THz radiation, the integrated device acts as a complete
heterodyne transceiver, detecting signals from external sources as well as reflected radiation that it
emitted.
Besides the practical application of using this as a coherent THz receiver, the device can be used to
explore feedback and injection effects on the QCL very sensitivity.

The left hand figure is the signal from a spectrum analyzer connected to the mixer. The peak at 12.96 GHz shows
the downconverted difference frequency of the internal modes. The two peaks at 12.96+/-.13 GHz demonstrate
heterodyne receiver operation and arise from the mixing of radiation incident on the transceiver from a molecular gas
laser with two of the QCL’s internal Fabry-Perot modes. The right hand figure is a color-coded frequency map of the
internal Fabry-Perot mode difference frequency as the laser facet is scanned over the focal spot of back-reflected light.
Here feedback pulled the mode separation by more than 50 MHz.

We gratefully acknowledge support from Sandia’s laboratory directed research and development (LDRD) program
office. Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company, for the
United States Department of Energy's National Nuclear Security Administration under Contract DE-AC0494AL85000.
[1]
[2]
[3]
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Mid-Infrared Plasmonics
D.C. Adams1, T. Ribaudo1, S. Thongrattanasiri 2, V. Podolskiy1,2,
B. Passmore3, E.A. Shaner3, and D. Wasserman1
1 Department of Physics and Applied Physics, University of Massachusetts Lowell, Lowell, MA 01854
2 Department of Physics, Oregon State University, Corvallis, OR 97331
3 Sandia National Labs, Albuquerque, NM 87185

Abstract: We discuss the optical properties of tunable mid-infrared plasmonic structures
fabricated upon semiconductor substrates and demonstrate the potential for such structures in beam
steering and sensing applications
It has been known for some time that metallic films with periodic subwavelength apertures1, slits and/or
corrugations2 can exhibit unique optical properties. The periodicity of the metal films allows for the coupling of
incident light to surface plasmons propagating at the interface between the metal film and the semiconductor
material (or vice-versa, for surface plasmons coupling to free-space radiation). Such plasmonic structures are of
interest for applications in display, sensing, and beam steering technologies. However, to date, the majority of
plasmonic research has focused on the visible/near-IR portion of the spectrum.
Here we describe our work with mid-infrared (mid-IR) plasmonic structures. We will first present experiments
demonstrating our ability to spectrally and spatially resolve propagating surface waves on mid-IR plasmonic
structures3, and show how active tuning of the optical properties of our plasmonic devices allows for control of the
coupling to these propagating surface modes4. The potential for these tunable plasmonic structures in chemical
sensing applications will be discussed.
In addition, we will present plasmonic mid-IR beam steering devices which exhibit a wide range of steering angles
for incident coherent mid-IR radiation in the 9-10µm range. We will demonstrate steering of coherent mid-IR light
at angles ranging from 25° to normal beaming (0º), and show how small changes in the semiconductor dielectric
constant can shift the beaming angle as much as 4°.

Fig. 1. (a) Contour plot shows normalized spatial and spectral transmission for coherent mid-IR radiation
incident upon a periodically perforated metal film deposited upon a semiconductor substrate. Black line shows
broadband transmission for the same structure. (b) Normalized transmission intensity as a function of angle
and incident radiation wavelength for plasmonic beam steering structure consisting of a subwavelength slit
flanked by periodic subwavelength grooves at a metal/semiconductor interface.

This work was sponsored under Air Force Research Laboratory grant FA8650-08-C-1445 (DW), Office of Naval
Research grant N00014-07-1-0457 (VP) and National Science Foundation grants ECCS-0925542 (DW) and ECCS0724763 (VP). Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company,
for the United States Department of Energy's National Nuclear Security Administration under contract DE-AC0494AL85000.
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[2] L. Martin-Moreno, F.J. Garcia-Vidal, H.J. Lezec, A. Degiron, and T.W. Ebbesen,Phys. Rev. Lett.,90, 167401 (2003).
[3] T. Ribaudo, D.C. Adams, B. Passmore, E.A. Shaner and D. Wasserman, Appl. Phys. Lett. 94, 201109 (2009).
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Towards 3D photonic metamaterials
Martin Wegener
DFG-Center for Functional Nanostructures, Institute for Applied Physics, Institute for Nanotechnology,
Karlsruhe Institute of Technology (KIT), Wolfgang-Gaede-Strasse 1, D-76131 Karlsruhe, Germany

Abstract: We review recent experimental progress on three-dimensional
photonic metamaterial structures made by direct-laser-writing
technology.
We review our recent experimental progress towards design, fabrication, and optical
characterization of three-dimensional (3D) photonic metamaterials. We focus on three
rather recent examples: (i) 3D gold-helix photonic metamaterials, (ii) 3D bi-chiral helical
photonic crystals, and (iii) 3D carpet cloaks. All of these are fabricated by using 3D
direct laser writing (DLW) technology (see www.nanoscribe.de) – essentially the threedimensional analogue of planar electron-beam lithography.
(i) Fictitious materials composed of metal helices are used as a paradigm in Hecht’s
“Optics” textbook for explaining optical activity arising from structural chirality.
Recently, we have shown that 3D uniaxial gold-helix structures operating at infrared
wavelengths can actually be realized by DLW into a positive-tone photoresist and
subsequent electroplating with gold [1]. Surprisingly, the structures reveal a bandwidth of
about one octave. They can be used as broadband circular polarizers [1].
(ii) For some applications, isotropic rather than uniaxial behavior may be desired. To this
end, inspired by the so-called blue-phase cholesteric liquid crystals, we have proposed
and realized architectures composed of three orthogonal sets of helices [2]. In addition to
the obvious chirality of the motif (the helices), the structures reveal a second type of
chirality corresponding to the so-called “corner”. Hence, we have named these structures
bi-chiral [2]. Interestingly, right/right and left/left handed versions exhibit much stronger
chiral effects than left/right or right/left handed versions. In nature, only left/right and
right/left handed blue-phase liquid crystals are thermodynamically stable.
(iii) In transformation optics, by tailoring the local optical properties, optical space can be
shaped in analogy to the local distortions of actual space-time due to massive bodies in
general relativity. So far, only two-dimensional waveguide geometries have been realized
experimentally. By using a three-dimensional version [3] of the carpet cloak structure
introduced by Jensen Li and Sir John Pendry and by again employing DLW technology,
we fabricate three-dimensional cloaking structures (unpublished).
References
1. J.K. Gansel et al., Science 325, 1513 (2009).
2. M. Thiel et al., Adv. Mater., in press (2009).
3. J. Halimeh et al., Opt. Express 17, 19328 (2009).
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Ultracold Polar Molecules in the Rovibrational Ground State
M. Weidemüller ∗
F

Physics Institute, University of Heidelberg, 69120 Heidelberg, Germany
Recently, there has been important progress in the formation of ultracold polar molecules in the
rovibrational ground state, thus opening intriguing perspectives for the investigation of strongly
correlated quantum systems under the influence of long-range dipolar forces. We have formed
ultracold LiCs molecules in the absolute ground state X1Σ+, v’’= 0, J’’= 0 via a single
photo-association (PA) step starting from a laser-cooled gas of atoms [1,2].

Figure 1. Sketch of the photoassociation and detection scheme. (a) photoassociation by Ti:Sa laser at 946
nm, (b) spontaneous decay into deeply bound ground state molecules, (c) two-photon ionization with resonant
intermediate state. For depletion spectroscopy: (d) excitation of ground state molecules, and (e) redistribution
of ground state population

The rotational and vibrational state of the ground state molecules was determined in a setup
combining depletion spectroscopy with resonant- enhanced multi-photon ionization time-of-flight
spectroscopy. The rate constants for PA at large detunings from the atomic asymptote were found to
be surprisingly large [3]. The enhancement of the photoassociation rate is found to be caused by an
increased amplitude of the singlet scattering wave function at the inner turning point of the lowest
triplet state a3Σ+ . First results on the storage of LiCs molecules in an optical dipole trap formed by a
focused CO2 laser will be presented. We find signatures of ultracold atom-molecule collisions, and
investigate dipolar effects in the interaction of the ultracold molecules with external fields.
References
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Constructing Photonic Cluster States for Quantum Computation
Yaakov S. Weinstein and Gerald Gilbert
Mitre, Quantum Information Science Group, 260 Industrial Way West, Eatontown, NJ 07724 USA
We demonstrate an efficient method of constructing photonic cluster states by exploiting graph
state equivalency class properties.

Cluster states are highly entangled multi-qubit states capable of supporting universal quantum computation (QC)
via single qubit measurements [1]. A variety of approaches to construct such states have been proposed for various
physical realizations including photons [2].
The cluster state is an example of a graph state in which the nodes are qubits and edges represent an Ising interaction
between two nodes. Transformation rules of graph states under the local Clifford group, one qubit rotations, and
graph isomorphisms, swap gates, allow for identification of all graphs in corresponding equivalence classes. In many
proposed QC realizations single qubit rotations are easily performed and swap gates can be implemented by simply
relabeling qubits. Thus, experimentally, transforming between graph states within the same equivalency class should
be easier than performing two-qubit gates necessary for cluster construction. This property of graph states allows for
an efficient construction of a cluster state primitive [3] as follows.
A 4-qubit cluster chain is equivalent to a 2×2 box up to Hadamard rotations on qubits 2 and 4 and a swap operation
[4]. Implementing these gates effectively add a bond between qubits 1 and 4 as in Fig. 1. This transformation succeeds
even when the 4-qubit chain is embedded into a chain of arbitrary size. A σz measurement applied to qubit 2 completes
an L-shape, a simple two-dimensional cluster state at a cost of deleting two cluster chain bonds.
Combining this L-shape construction with type-I fusion operations, appropriate for constructing chain cluster states
[2], allows for efficient construction of photonic clusters capable of universal QC as shown in Fig. 1. The average net
cost for a successful outcome is 10 bonds if the initial (and subsequent) chains are transformed into L-shapes using
our technique. Repeating this process allows for the construction of 2-dimensional cluster states of any complexity.

FIG. 1: (Color online) Left: L-shape cluster construction at a cost of two bonds. (a) Hadamard and swap operations transform
a four-qubit chain into a box shape. (b) the above operations are used to prepare the “box-on-a-chain” cluster state. (c) the
“box-on-a-chain” is deterministically transformed to the basic L-shape via a σz measurement on qubit 2 deleting all bonds
involving that qubit. Right: two L-shape clusters linked via a type-I fusion operation to construct a fully two-dimensional
cluster. Separate chains (a) are deterministically transformed into 2 L-shapes (b) and (c). A type-I fusion operation is applied:
if successful, the H-shape (d) is created; if unsuccessful, recover two separate chains, return to a and repeat.
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Mesoscopic quantum superpositions of a Bose-Einstein condensate in a periodically
shaken double well
Christoph Weiss, Bettina Gertjerenken, Niklas Teichmann, Stephan Arlinghaus and Martin Esmann
Institute of Physics, Carl von Ossietzky University,
D-26111 Oldenburg, Germany
Christoph.Weiss@uni-oldenburg.de
With the experimental realization of tunneling-control for Bose-Einstein condensates (BECs) via
periodic shaking, a powerful tool to manipulate ultra-cold atoms has become available. In this talk
the focus lies on theoretical investigations on the the emergence of mesoscopic quantum superpositions in a periodically shaken double well.

Recently, the control of the Mott-insulator transition via shaking has been observed [1] which corresponds,
roughly speaking, to making a glass of water freeze by modifying the amplitude of a loudspeaker. Other effects
which has been realized experimentally is “photon”-assisted tunneling in a shaken optical lattice [2, 3] and
destruction of tunneling for single atoms in shaken double-well potentials [4] (cf. Ref. [5]).
The focus of this talk is “photon”-assisted tunneling in a tilted double well (Ref. [6] and references therein). If
the mean-field dynamics become chaotic, mesoscopic quantum superpositions occur at short time-scales [7].
The figure displays the transport of ultracold atoms via photon-assisted tunneling in a double well for two
particles initially in the lower well (left panel).
The mean-field dynamics can be mapped [8] to that of a non-rigid pendulum which is known for the coexistence
of chaos and regular dynamics [9]. The middle panel displays a Poincaré surface of section for typical parameter
regimes with moderate, experimentally realistic values for the interaction. On the many-particle quantum level,
the emergence of mesoscopic quantum superpositions corresponds to this behavior (right panel).

Fig: Left: Two-dimensional projection of photon-assisted tunneling in a tilted double well as a function of both interaction
and shaking frequency (bright colors: large transfer between both wells, dark colors: no transfer). When the mean-field
(Gross-Pitaevskii) dynamics become chaotic (middle) mesoscopic quantum superpositions occur on the N -particle quantum
level (right, Ref. [7]).

[1] A. Zenesini, H. Lignier, D. Ciampini, O. Morsch, and E. Arimondo, Phys. Rev. Lett. 102, 100403 (2009).
[2] C. Sias, H. Lignier, Y. P. Singh, A. Zenesini, D. Ciampini, O. Morsch, and E. Arimondo, Phys. Rev. Lett. 100, 040404
(2008).
[3] A. Eckardt, M. Holthaus, H. Lignier, A. Zenesini, D. Ciampini, O. Morsch, and E. Arimondo, Phys. Rev. A 79, 013611
(2009).
[4] E. Kierig, U. Schnorrberger, A. Schietinger, J. Tomkovic, and M. K. Oberthaler, Phys. Rev. Lett. 100, 190405 (2008).
[5] F. Grossmann, T. Dittrich, P. Jung, and P. Hänggi, Phys. Rev. Lett. 67, 516 (1991).
[6] N. Teichmann, M. Esmann, and C. Weiss, Phys. Rev. A 79, 063620 (2009).
[7] C. Weiss and N. Teichmann, Phys. Rev. Lett. 100, 140408 (2008).
[8] A. Smerzi, S. Fantoni, S. Giovanazzi, and S. R. Shenoy, Phys. Rev. Lett. 79, 4950 (1997).
[9] J. Guckenheimer and P. Holmes, Nonlinear Oscillations, Dynamical Systems and Bifurcations of Vector Fields (Springer,
New York, 1983).

PQE-2010

262

Speaker: Christoph Weiss
Session: Poster Session
Schedule: poster session

Generating “Schrödinger-cat” states via scattering of quantum matter wave
solitons
Christoph Weiss1 and Yvan Castin2
(1) Institute of Physics, Carl von Ossietzky University, D-26111 Oldenburg, Germany
Christoph.Weiss@uni-oldenburg.de
(2) Laboratoire Kastler Brossel, École Normale Supérieure, UPMC and CNRS, 24 rue Lhomond,
F-75231 Paris Cedex 05, France
We investigate the scattering of a quantum matter wave soliton on a barrier in a one-dimensional
geometry, and we show that it can lead to mesoscopic quantum superposition states, where the
atomic gas is in a coherent superposition of being in the half-space to the left of the barrier and
being in the half-space to the right of the barrier. We propose an interferometric method to reveal
the coherent nature of this superposition, and we discuss in detail the experimental feasibility.

FIG. 1: Rather than producing a cat which is in a superposition of alive and dead, the aim of this theoretical proposal is
to prepare a quantum matter wave soliton of some 100 atoms in a spatial quantum superposition of being in the right and
left of a barrier.

This idea can be treated analytically on the N -particle level by combining the Lieb-Liniger model with attractive
interaction and an effective potential approach [1]. The mathematically justified [1] effective potential approach
was tested numerically for two interacting particles [2], for numeric investigations on the N -particle level see
Ref. [3]. As an experimental signature of the mesoscopic quantum superposition we suggest to use interference
fringes of the center of mass coordinate. To achieve such a spatial quantum superposition of some hundred atoms
is a challenge of fundamental research.

FIG. 2: The left panel demonstrates the improvement of the exact numerics if the center or mass approximation V (x1 ) +
V (x2 ) ≈ 2V [(x1 + x2 )/2] is replaced by the effective potential [2]. The right panel demonstrates how the interference
patterns of the center of mass coordinate could be detected via fluoresence imaging [1].

[1] C. Weiss and Y. Castin, Phys. Rev. Lett. 102, 010403 (2009).
[2] C. Weiss, arXiv:0910.1162v1 [cond-mat.quant-gas] (2009).
[3] A. I. Streltsov, O. E. Alon, and L. S. Cederbaum, Phys. Rev. A 80, 043616 (2009).
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Two-dimensional blackbody radiation from an optical
microresonator
Jan Klaers, Frank Vewinger, and Martin Weitz
Institut für Angewandte Physik der Universität Bonn, Wegelerstrasse 8, 53115 Bonn, Germany

Bose-Einstein condensation, the accumulation of bosonic particles in the energetic
ground state below a critical temperature, leading to a macroscopic ground state
population, has been demonstrated in several physical systems. Although being perhaps
the best known example of a bosonic gas, Planck’s blackbody radiation (photons in
thermal equilibrium with the walls of a three-dimensional cavity) exhibits no BoseEinstein condensation at low temperatures. Instead of collectively occupying the lowest
energy mode, the photons disappear in the cavity walls when the temperature is
decreased - corresponding to a vanishing chemical potential of the photons.
Here we report on the observation of two-dimensional blackbody radiation from a dyemolecule filled optical microresonator, yielding evidence for a thermalized twodimensional photon gas with freely adjustable chemical potential. Thermalisation is
achieved in a photon number-conserving way by multiple photon scattering off the dyemolecules, and the cavity mirrors both provide an effective photon mass and a confining
potential - key prerequisites for the Bose-Einstein condensation of photons. As a
striking example of the unusual system properties, we show that the thermalized twodimensional photon gas shows a yet unobserved effect concentrating light into the
center of the confining potential, where the potential energy of the trapped photon gas is
minimized. The spatial light concentration is a natural consequence of the
thermalisation of the photon gas, an effect with prospects for increasing the efficiency
of diffuse solar light collection. The current status of the experiment will be reported.
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Heterodyne Coherent anti-Stokes Raman scattering for spectral phase retrieval
and signal amplification
Xi Wang,∗ Aihua Zhang, Miaochan Zhi,
Alexei V. Sokolov, George R. Welch, and Marlan O. Scully
Institute for Quantum Studies and Departments of Physics,
Texas A&M University, College Station, TX 77843
We study interference between a local oscillator and coherent anti-Stokes Raman scattering
(CARS) signal fields by controlling their relative phase and amplitude. This control allows direct observation of the real and imaginary components of the third-order nonlinear susceptibility
(χ(3) ) of the sample. In addition, we demonstrate that the heterodyne method can be used to
amplify the signal.

Coherent anti-Stokes Raman scattering (CARS)
spectroscopy is a powerful technique for molecular
detection. It utilizes inelastic scattering of probe
photons from coherently vibrating molecules and
provides a characteristic optical signature of sample
composition. Macroscopic molecular coherence provides a substantially improved probe-to-signal conversion efficiency compared to incoherent spontaneous Raman scattering. However, CARS from the
molecules of interest is frequently masked by broadband featureless coherent four-wave mixing (FWM)
background.
Even when CARS lines are clearly discernable, the
interference with this coherent background results
in a strong distortion of the measured spectrum. In
particular, while the phase of the background is constant, the CARS phase varies with frequency between 0 and π when tuning through the molecular
line. As a result, at some frequencies the interference between signal and background is constructive
or destructive, while at others the signal and background fields are in quadrature.
We present here a simple and effective CARS interferometric scheme reminiscent of previous heterodyne schemes, where the relative phase of the signal
and local oscillator fields is adjusted to achieve constructive interference with either the real (in-phase)
or imaginary (out of phase) part of the sample’s response. We can therefore directly observe the real
and imaginary components of the third-order nonlinear susceptibility (χ(3) ) of the sample. Unlike
previous heterodyne schemes, we use broad-band
femtosecond preparatory pulses and a narrow-band
probe pulse to coherently excite multiple Raman
lines simultaneously. In addition, we demonstrate
that this heterodyne method can be used to amplify
the signal. We also show that the combination of
the spectral interferometry and phase scan reveals
how the background resonance affects the detected
susceptibility χ(3) (ω) in aqueous methanol solution.
This is shown in Figure (a). We note that the
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imaginary curve in Figure (a) is offset from zero,
because the interferometric signals taken nominally
at φ = π/2 and φ = 3π/2 also have opposite offsets from the LO signal, even for Raman shifts
outside the narrow Raman resonance of methanol
(also shown in Figure (a). However, our calculation
(the dotted curve Figure a) shows that the base of
the imaginary curve should be zero when the back(3)
ground is nonresonant, such that Im(χB (ω)) = 0.
We attribute this to the resonant contribution of a
broad Raman resonant peak of water, which overlaps
the spectral range of interest. We conclude that water shows a broadband imaginary contribution comparable to that of methanol.
Figure (b) and its inset show the heterodyne amplification. The original CARS signal is around 1000
(3)
counts, of which the resonant contribution |PR (ω)|2
is estimated to be around 170 counts. The net amplified resonant signal is around 8000 counts in Figure
(b). An amplification factor around 50 is achieved,
close to the calculated value of 70.

FIG. 1: (a) Extracted third order polarization hence
the susceptibility from experiment (solid curves, scaled
to left) and calculation (dashed and dotted curves, scaled
to right). (b) Heterodyne signal including only the imaginary part of CARS field; inset: CARS field from the
signal arm.
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Polychromatic Parametric Processing of Ultrafast Fields
Andreas O. J. Wiberg, Camille-Sophie Brès, Bill P.-P. Kuo, Nikola Alic and Stojan Radic
Department of Electrical and Computer Engineering, University of California San Diego, 9500 Gilman Drive,
La Jolla, CA 92093-0407, E-mail: awiberg@ucsd.edu Telephone: +1-858-534-1260, Fax:+1- 858-534-1225

Abstract: The recent demonstration of deterministic distributed mixing has enabled efficient
parametric physics over tens of Terahertz for the first time. This advance has enabled the first
distortionless replication and sampling of ultrafast fields, redefining the traditional notions of realtime analysis. We describe the fundamental implications of the new physics for bandwidth, jitter
and resolution limits.
Accurate measurement of ultrafast, non-repetitive waveform is of fundamental importance as it offers a
window to chemical or physical phenomena that lies outside the common time scales. While a number of
equivalent-time techniques have been developed in the past for periodic (or predictable) waveforms, the fast
dynamics of truly random events pose a fundamental challenge. This is particularly true if such events have to
be resolved with high accuracy to provide new insight or discrimination against noise and parasitic
phenomena. An ideal measurement would combine high temporal resolution with the ability to analyze the
waveform at any time, since truly random events cannot be temporally localized. Unfortunately, conventional
techniques can provide only burst analysis of predictably occurring event, falling far short of the
requirements associated with stochastic waveform analysis.
The basic limitations of fast, random waveform analysis can be overcome if one can make multiple,
spectrally distinct copies of the original field and perform polychromatic sampling of all copies simultaneously.
While simple, this idea also poses a set of basic physical challenges of its own: The original field must be
replicated over multiples of its original bandwidth, the replication must be performed in a nearly
distortionless manner, and the subsequent sampling gate must have sufficient bandwidth to process all signal
copies simultaneously.
We have recently shown the existence of an ultra wide and efficient parametric mixer that is sufficient to
perform the true capture of a random, ultrafast optical field. In a specific implementation, the original field is
copied (multicast) and sampled by a cascade of two parametric mixers, which form a multicast synchronoussampling (MPASS) device [1]. In practical terms, MPASS relies on parametric multicasting [2] and single-gate
multicolor sampling while maintaining the signal integrity in single nonlinear waveguide [3].
First a parametric mixer replicates the input waveform with bandwidth B to M spectral copies. The newly
generated copies are then delayed by (B(M-1))-1 time intervals. In subsequent operation, the second
parametric mixer samples all generated copies simultaneously at a rate equal to the bandwidth divided by the
copy count. A larger number of spectral replicas allow a slower physical sampling rate; conversely, the
physical limits defining the sampling rate can be freely traded for the ability to generate an increasing
number of copies in a distortionless manner. As an illustration, the conventional analysis of a waveform with
a few-picoseconds resolution would require approximately 300GHz sampling and subsequent processing at
this rate. By replicating the signal to ten spectral copies, the required sampling rate drops to 30GHz, well
within the realm of current processing techniques [4]. Unfortunately, this tradeoff also imposes steep
performance requirements: A multicast mixer must operate over a contiguous bandwidth in excess of 5 THz
with net-positive efficiency, and a sampling mixer must possess an effective bandwidth in excess of 10 THz.
In general terms, parametric physics in a high-confinement Kerr material, such as silica, allows a new
approach to the analysis and synthesis of random waveforms considerably shorter than 1-picosecond.
However, to implement this new approach, one also must address outstanding physical issues that include,
but are not limited to stochastic mixer barrier, wideband vacuum noise generation and multiple-beam fourphoton mixing in distributed nonlinear waveguides.

References
1.
2.
3.
4.

C.-S. Brès, et. al, IEEE Photon. Technol. Lett., vol. 20, no. 14, pp. 1222–1224, 2008.
C.-S. Brès et. al, ” IEEE Photon. Technol. Lett., vol. 21, no. 14, pp. 1002-1004, 2009.
A.O.J. Wiberg, et. al., IEEE Photon. Technol. Lett., vol. 21, no. 12, pp. 796-798, 2009.
A.O.J. Wiberg, et. al., IEEE Photon. Technol. Lett., vol. 21, no. 21, pp. 1612–1614, 2009.
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Presenter: Howard Wiseman

Platonic Love at a Distance:

Experimental Demonstration of EPR-Steering of Bell-local States
H. M. Wiseman, D. J. Saunders, S. J. Jones, and G. J. Pryde
Centre for Quantum Computer Technology, Australian Research Council
Centre for Quantum Dynamics, Griffith University, Brisbane 4111, Australia
Entanglement is the defining feature of quantum mechanics, and understanding the phenomenon is
essential at the foundational level and for future progress in quantum technology. The concept of
steering was introduced in 1935 by Schrödinger [1] as a generalization of the Einstein-PodolskyRosen (EPR) paradox [2]. Surprisingly, it has only recently been formalized as a quantum information task with arbitrary bipartite states and measurements [3, 4], for which the existence of
entanglement is necessary but not sufficient. Previous experiments in this area have been restricted
to the approach of Reid [5], which followed the original EPR argument in considering only two
different measurement settings per side. Here [8], we implement more than two settings so as to
be able to demonstrate experimentally, for the first time, that EPR-steering occurs for mixed entangled states that are Bell-local. (Bell-local states are those that cannot possibly demonstrate the
“passion at a distance” [6] of Bell-nonlocality). Unlike the case of Bell inequalities [7], increasing
the number of measurement settings beyond two—we use up to six—dramatically increases the
robustness of the EPR-steering phenomenon to mixture. We show this using 2-qubit Werner states,
with measurement settings based around the geometry of Platonic solids (hence the cheeky title):
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[1] E. Schrödinger, “Discussion of Probability Relations Between Separated Systems”, Proc. Camb. Phil. Soc. 31,
553 (1935).
[2] A. Einstein, B. Podolsky, and N. Rosen, “Can Quantum-Mechanical Description of Physical Reality be Considered Complete?” Phys. Rev. 47, 777 (1935).
[3] H. M. Wiseman, S. J. Jones, and A. C. Doherty, “Steering, Entanglement, Nonlocality, and the EPR Paradox”,
Phys. Rev. Lett. 98, 140402 (2007).
[4] E. G. Cavalcanti, S. J. Jones, H. M. Wiseman, and M. D. Reid, “Experimental criteria for steering and the EPR
paradox”, Phys. Rev. A. 80, 032112 (2009).
[5] M. D. Reid, “Demonstration of the Einstein-Podolsky-Rosen paradox using nondegenerate parametric amplification”, Phys. Rev. A 40, 913, 1989.
[6] A. Shimony, Search for a Naturalistic World View (Cambridge, UK, 1993).
[7] J. B. Altepeter et al. Phys. Rev. Lett. 95, 033601 (2005); A. Acı̀n., N. Gisin, and B. Toner, Phys. Rev. A 73,
062105 (2006); N. Brunner and N. Gisin, Physics Letters A 372, 3162 (2008).
[8] D. J. Saunders, S. J. Jones, H. M. Wiseman, and G. J. Pryde, “Experimental EPR-Steering of Bell-local States”,
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Coupled Microcavities for Single Mode
Lasing and Biosensing
Lei Xu, Xiang Wu, Hao Li, Lei Shang, Liying Liu
Department of Optical Science and Engineering, School of Information Science and
Engineering, Fudan University, Shanghai 200433, China
Tel: 86-21-65642144, email: leixu@fudan.ac.cn

Optical Microcavities that operate on whispering gallery modes have very high Q values, because light
propagates via total internal reflection along the cavity perimeter and forms closed loops. Passive optical
microcavities find important applications in planar lightwave circuits as optical filters, optical buffers and
optical sensors, whiles active optical microcavities are tiny, ultralow threshold stimulated light sources.
In this talk, I will report our recent works on generating single frequency lasing from coupled microcavities, I
will also show the possibility of using the single frequency laser source to achieve ultra-sensitive optical
bio-sensing.
We used two size mis-matched circular rings that coupled to each other as a new type of microcavity laser.
Lasing occurs at the frequency where both of the cavities are on resonance. In this way, the densely combed
longitudinal modes are suppressed and only one mode exists.
We also explored the possibility of using the coupled microcavity lasers as optical sensors. Microcavity laser
sensors have the obvious advantage in sensing comparing to conventional passive optical cavities because of
the much improved signal/noise ratio in detection. In addition, we found that the coupled microcavity
structure offers a new scheme of ultrahigh sensitive sensing. The active sensor is capable of offering a
detection range from pico-gram/ml up to micro-gram/ml.
References:
1. Xiang Wu, Hao Li, Liying Liu, Lei Xu, “Unidirectional single-frequency lasing from a ring-spiral
coupled microcavity laser”, Appl.Phys.Lett., 93, 081105, 2008
2. L Shang, LY Liu, L Xu, Highly collimated laser emission from a peanut-shaped microcavity,
Appl.Phys.Lett., 92, 071111, 2008
3. Hao Li, Xin Tu, Liying Liu, Lei Xu, “Coupling Variation Induced Ultrasensitive Label-Free Biosensing
by Using Single Mode Coupled Microcavity Laser”, JACS, in press.

*Work supported by National Natural Science Foundation of China (#60638010,10574032, 50532030) and Science and
Technology Commission of Shanghai (06JC14010).
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Biomedical applications of stimulated Raman scattering
Vladislav V. Yakovlev1, Georgi I. Petrov1, Hao F. Zhang2 & Marlan O. Scully3,4
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
Department of Physics, Texas A&M University, College Station, TX 77840
4
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 combined with photoacoustic detection and
imaging is a promising new way of expanding the capabilities of biomedical imaging
modality by providing selective excitation of molecular species.
There are increasing needs to develop optical modality capable of label-free, chemically-specific imaging
of deep-tissue structures. The major obstacle of optical imaging is the strong optical scattering in tissue,
which causes photons to diffusely propagate inside the tissue and, as a result, to wash out the spatial
origins of the detected signals. Hence, existing optical imaging technologies cannot penetrate more than
one optical transport mean free path (approximately 1 mm) in tissue while still maintain a high resolution.
However, even in small animal models, the early chemical and anatomical changes typically initiate
beneath the skin surface at a depth of several millimeters, which are beyond the reach of modern highresolution optical imaging technologies, such as confocal and two-photon microscopy.
The chemical selectivity and deep penetration can be achieved by means of a spectroscopic method based
on stimulated Raman photoacoustics, which was first proposed in the later 1960s [1]. In brief, when two
laser pulses (pump, ωp , and Stokes, ω s ) excite the vibrational level of a molecule, the energy of the
excited state is then transferred into heat, generating a PA wave. Recently, we proposed and
experimentally demonstrated the feasibility of this spectroscopic technique for imaging applications [2,3].
Our experimental results clearly demonstrate the great potential of PA imaging using stimulated Raman
scattering as a chemically-specific mechanism of transferring energy to selected molecules. The signal to
noise ratio was exceptionally good in our preliminary experiments. In the later experiments, we were able
to further improve the sensitivity of PA detection by employing an optimized ultrasound transducer and
by effectively multiplying the photoacoustic response of the medium using multiple pulse excitation
geometry [4]. Those enhancements have already led us to almost three orders of magnitude increase in the
sensitivity of the PA detection and show a great potential for further improvements. A linear absorption
background, associated with linear non-specific absorption, can be almost completely eliminated using
spectral and/or time-modulation schemes, as it is describe in [3]. This will ultimately lead to an
ultrasensitive, background-free detection capable of overcoming signal degradation due to tissue
scattering.

References:
[1] S. Y. Nechaev, and Y. N. Ponomarev, “High resolution Raman spectrometer,” Sov. J. Quant. Electron.
5, 752-753 (1975).
[2] V. V. Yakovlev, G. I. Petrov, H. F. Zhang, G. D. Noojin, M .L. Denton, R. J. Thomas, and M .O.
Scully, “Stimulated Raman scattering: old physics, new applications,” J. Mod. Opt. 56, 1970-1973
(2009).
[3] V. V. Yakovlev, H. F. Zhang, G. D. Noojin, M .L. Denton, R. J. Thomas, and M .O. Scully,
“Stimulated Raman photoacoustic imaging,” Proc. Natnl. Acad. Sci. USA (2009) Submitted.
[4] T. Liu, J. Wang, G. I. Petrov, V. V. Yakovlev, and H. F. Zhang, “Enhanced photoacoustic generation
by multiple picoseconds pulse excitation,” Med. Phys. (2009) Submitted.
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Classification of regimes of wave transport
in non-conservative random media
Alexey Yamilov and Ben Payne
Department of Physics, Missouri University of Science and Technology, Rolla, MO, 65409
Email: yamilov@mst.edu

Abstract: In search of a criterion of Anderson localization applicable in random media
with absorption or gain, we explore the parameter space of the system and identify different
regimes in wave transport.
Anderson localization (AL) of electrons can be understood as the effect due to repeated self-interference
of de Broglie waves during their propagation in a random medium and the resulting cessation of diffusion.
Particle conservation, enforced because the electrons have charge, lies in the foundation of the concept of
AL.
Understanding the effect of dissipation is essential for proper physical description and interpretation of
experiments on the light localization. These studies prompted search for an alternative criterion of localization in absorbing media [1]. The goal of this work is to identify different phenomena in continuous-wave
propagation through quasi-1D random media with gain or absorption. In passive systems the transition
from ballistic to diffusive and than to localized regimes occurs as a function of only system size. In contrast,
in non-conservative systems (i.e. in dissipative or amplifying random media), the physical parameter space
also includes the gain/absorption length scale. Figure 1 explores this two-parameter phase space.
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Figure 1. Classification of regimes of wave transport in non-conservative random media. X and Y axes correspond to
the system length L and absorption/gain length ℓa,g . Panel (a) and (c) depict the region of strong absorption and
gain respectively. (b) depicts the regions of weak and moderate absorption/gain. See text for labeling convention.

The definitions of the boundaries between different regions in Figure 1 were based on the relationships
between a subset of parameters which in most cases can be expressed in terms of some length scales. The
latter include: system length L, the transport mean free path ℓ, localization length ξ ∝ N ℓ, (ballistic)
absorption/gain lengths ℓa /ℓg . The other set of boundaries are more physically transparent when expressed
in spectral domain in terms of the following parameters: the average mode spacing ∆ω, the average mode
linewidth (passive) δω, and absorption/gain rate γ (negative in case of gain).
The regions in Figure 1 are labeled with two letters and a subscript. The first latter, A/G, stand for
absorption/gain and is common for all regions above/below the horizontal axis. The second letter in the
labels, is one of B/D/L which stand for ballistic, diffusion, and localization. It underscores the analogy with
the corresponding regime in a passive random medium. The details of the classification in Figure 1 will be
reported in the presentation. We believe that the above analysis of the parameter space in wave transport
through random media will be instrumental in search for a criterion of AL in non-conserving systems.
Acknowledgment: This work was supported by National Science Foundation Grant No. DMR-0704981.
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Demonstration of Detuning and Wavebreaking Eﬀects on Laser Ampliﬁcation
by Means of Backward Raman Scattering in Plasma.
Nikolai Yampolsky
Los Alamos National Laboratory, Los Alamos, NM, 87544, USA

Plasma-based backward Raman ampliﬁer (BRA) is a promising scheme for compression of powerful
laser radiation [1]. In that scheme, two counter-propagating laser pulses excite plasma wave and interact
with each other through three wave coupling. This process can be considered as an eﬀective compression
of the long pump pulse to the duration of the short seed pulse. During interaction almost all the energy of
the long pump pulse can be consumed by short Stokes pulse. Pumped pulse intensities a factor of 100 over
the intensity of the pump pulse have now been demonstrated [2], already a remarkable achievement. Yet
the energy transfer eﬃciency at several percent still remains far below the theoretical limit, meaning that,
despite the achievement so far, the full possibilities are far from being realized [3]. Based on recent extensive
experiments [2], it is possible to deduce that the experimentally realized eﬃciency of the ampliﬁer is likely
constrained by two factors, namely the pump chirp [4] and the plasma wavebreaking [5]. We demonstrate
that the detuning caused by the pump chirp can be eﬃciently compensated by the density variation of the
mediating plasma [6]. The interplay of the detuning and the wavebreaking eﬀects determine the intensity
window for the pump intensity in which the eﬃciency of the BRA is maximized.
This work was supported by the NNSA under the SSAA Program through DOE Research Grant No.
DEFG5207NA28122 and by DOE Contract No. DE-AC02- 76CH03073.
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Continuous-Wave Raman Generation in Molecules

Deniz D. Yavuz, J. Tyler Green, and Dan E. Sikes
Department of Physics, 1150 University Avenue, University of Wisconsin-Madison, Madison, WI, 53706
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Since the pioneering work of Carlsten and colleagues [1] there has been a growing interest in continuouswave (CW) Raman generation in molecular gases. CW stimulated Raman scattering is achieved by placing
the molecules inside a cavity with a high finesse at the pump and the generated wavelengths. Advances in
high-reflectivity ultra-low loss dielectric coatings have allowed CW Raman laser thresholds as low as 1 mW
and conversion efficiencies exceeding 65 %. Since the generation is achieved inside a high-finesse cavity, the
generated beams have very good temporal and spatial coherence properties.
In this work, we report an experiment that significantly advances the state of the art in CW stimulated
Raman scattering [2]. Specifically: (1) We report the generation of more than 300 mW of rotational Stokes
output power in molecular Deuterium (D2 ). To our knowledge, this is the largest output power ever generated
in a cavity-based, gas-phase CW Raman laser. (2) We demonstrate this generation at a gas pressure of 0.1 atm
which is about two orders of magnitude lower than pressure values used in previous experiments. We operate
in a regime with narrow Raman linewidths and as a result, the established CW molecular coherence in our
experiment is more than an order of magnitude larger when compared with previous cavity-based systems.
The experiment is performed inside a high finesse cavity with a finesse of about 20,000 that is filled with
molecular D2 . To obtain the required high-power pump beam, we use a 30 W Erbium fiber amplifier that
is seeded by an external cavity diode laser at a wavelength of 1.55 µm. When we lock the pump laser to
the TEM00 mode of the cavity, we observe opposite circularly polarized Stokes sideband above the lasing
threshold. The lasing occurs on the |ν = 0, J = 1i to |ν = 0, J = 3i rotational transition at a transition
frequency of 297 cm−1 (8.9 THz). The pump beam at a wavelength of 1.55 µm produces a Stokes beam at
a wavelength of 1.63 µm. Figure 1 shows the transmitted power in the pump and the Stokes beams as a
function of incident pump power for a D2 pressure of 0.1 atm. We observe a laser threshold of 1.1 W and
for an incident pump power of 25.4 W we generate 321 mW of output Stokes beam.
We view our experiment as the first step for extending the technique of “molecular modulation” to the
CW domain [3]. This technique relies on Raman generation in the regime of maximum coherence. Molecular
modulation experiments have so far been performed with high peak power Q-switched lasers that have
significant limitations. Extensions of this technique to the CW domain will require preparing molecules in a
highly coherent state with CW driving lasers. To achieve this, operating at low pressures is critical to avoid
pressure broadening of the Raman transition and to reduce phase-mismatch between propagating lasers.

300

Figure 1: The transmitted pump power (triangles) and
the generated Stokes power (squares) as a function of
the incident pump power at a D2 pressure of 0.1 atm.
The dashed line is a linear fit to the Stokes power
data points. For an incident pump power of 25.4 W
we generate 321 mW of output Stokes beam.
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Polar molecules - dipolar collisions and ultracold chemistry
Deborah S. Jin and Jun Ye
JILA, National Institute of Standards and Technology and University of Colorado,
440 UCB, Boulder CO 80309-0440 USA
The advent of a near quantum degenerate gas of ground-state polar molecules opens the
door to a wide range of scientific explorations. Novel molecular interactions, quantumcontrolled chemical reactions, exotic phase transitions and strongly correlated states of
matter are among a few prominent examples to be studied. We discuss recent
experimental progresses at JILA, including the production of a high phase-space density
gas of polar molecules in the absolute rovibrational ground state, coherent manipulations
of the nuclear spin degree of freedom, and observations of barrier-less chemical reactions
at ultralow temperatures. We control the reaction rates with pure long-range, quantum
mechanical effects, achieving state-by-state analysis of reaction dynamics. Long-range
and anisotropic dipolar interactions have been observed in the thermodynamics of the
molecular gas and we control inelastic and elastic collision rates via the tuning of the
molecular dipole moment.
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A binary mixture of spinor atomic Bose-Einstein condensates
Z. F. Xu,1 Yunbo Zhang,2 R. Lü,1 and L. You1
1

Department of Physics, Tsinghua University, Beijing 100084, People’s Republic of China
2
Institute of Theoretical Physics, Shanxi University, Taiyuan 030006, P. R. China

We study the ground state phases of a binary mixture of spinor atomic condensates. In the
absence of a magnetic field, the ground state is classified according to atomic parameters for intraand inter-species spin exchange coupling and singlet pairing interaction.

Internal state independent trapping from a far-off-resonant optical field liberates the atomic hyperfine spin
degrees of freedom and opens the opportunity to study spin-dependent phenomena in atomic quantum gases. It
is well understood that a spin-1 condensate has two distinct phases: polar (anti-) and ferromagnetic, depending
on the sign of the spin-exchange interaction. More complicated phases exist for higher spin, such as spin-2 or
spin-3 atoms. A parallel effort on superfluids with internal structures is the study of mixtures with more than
one atomic species.
This work concerns a binary mixture of atomic spinor condensates [1,2]. In the absence of a B-field, using both
analytical and numerical methods, we map out the ground state phase diagram as summarized below in Fig. 1.
We find it is possible to tune to different phases, or induce quantum phase transitions by adjusting optical traps
and/or the number of atoms in the two condensates respectively. Within a mean field description, a mixture of
two spin-1 condensates is properly described by the four order parameter: f12 , f22 , f1 · f2 , and s− , respectively for
the spins of condensate 1 and 2, the two spin overlap, and the spin singlet amplitude.

FIG. 1: LEFT: The ground state phase diagram for a mixture of two spin-1 condensates with fixed intra-species spinexchange interaction C1 β1 and C2 β2 . Blue solid lines denote boundaries for continuous phase transitions. Red solid lines
denote boundaries for discontinuous phase transitions between two phases with fully determined order parameters. The
green solid line denotes the discontinuous phase transition boundary between the phases CC3 and MM. The results are (a)
for two ferromagnetic; (b) for two anti-ferromagnetic; (c) for one ferromagnetic and one anti-ferromagnetic condensates.
RIGHT: (a) The ground state phase diagram when only inter-species spin exchange and singlet pair pairing interactions
are present. Red solid lines denote discontinuous phase transition boundaries. The PP, FF, CC, and AA phases are
denoted by the two order parameters (f1 · f2 ,|s− |)=: (0,1), (1,0), (0,0), and (-1,1) respectively. (b) For a mixture of Na
and Rb atoms, the dependence on the spherical harmonic trap frequency ωNa at a fixed ωRb = 2π × 50Hz. Blue squares,
red circles, and black diamonds denote respectively order parameters f12 , f22 , and f1 · f2 . Dot-dashed line specifies the
boundary between the MM and FF phases.
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The Study of the Pump-Control-Probe Experiment in Cesium Dimer
Gombojav O. Ariunbold1,2 , Luqi Yuan1 , Dmitry Pestov1 , Xi Wang1 , Robert K. Murawski3 ,
Vladimir A. Sautenkov1 , Yuri V.Rostovtsev1 , Alexei V. Sokolov1,4 and Marlan O. Scully1,5,6
1
Institute for Quantum Studies and Physics Department,
Texas A&M University, College Station, TX 77843, USA
2
Theoretical Physics Laboratory, National University of Mongolia, 210646 Ulaanbaatar, Mongolia
3
Department of Physics, Drew University, Madison, NJ 07940, USA
4
P.N. Lebedev Institute of Physics, 53 Leninsky prospect, Moscow 119991, Russia
5
Applied Physics and Materials Science Group, Eng. Quad.,
Princeton University, Princeton, NJ 08544, USA
6
Max-Planck-Institute für Quantenoptik, D-85748 Garching, Germany

Abstract: We present a theoretical study on the recent Pump-Control-Probe experimental results. To do this, we use the master equation for the density matrix together with the Franck-Condon
factors. Our theoretical results can qualitatively explain observed experimental results.

Femtosecond laser has provided a powerful tool for probing the dynamics of molecular motion [1]. In
the previous works of Zewail [1] and Eden [2, 3], they produced the photonelectron signal when the excited
state is photoionized by a time-delayed pulse. In this poster, we investigate pump-control-probe experiment
associated with Λ-conﬁguration [4]. We use Liouville equation for the density matrix together with the
Franck-Condon facotrs. Both numerical simulations and analytical calculations are presented to explain the
experiments. Fig.1 shows that the periodicity of the oscillations in the theoretical results is in agreement
with that in the experimental signals. In conclusion, we show that our theory works well to elucidate results
related to Λ-conﬁguration Pump-Control-Probe experiments.

FIG. 1: LEFT: Dependence of the recorded experimental signal on the probe (IR) delay, with the diﬀerent time
delay between pump (R1) and control (R2) in pump-control-probe measurements. RIGHT: Corresponding numerical
results.
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Optical cloaking and Plasmon lasers
Xiang Zhang
Metamaterials are artificially designed subwavelength composites that possess
extraordinary properties not existing in naturally occurring materials. In particular, they
can alter the propagation of electromagnetic waves resulting in negative refraction,
subwavelength focusing and even in cloaking of macroscopic objects. Such unusual
properties can be obtained by a careful design of dielectric or metal-dielectric composites
on a deep sub-wavelength scale. The metamaterials may have profound impact in wide
range of applications such as nano-scale imaging, nanolithography, and integrated nano
photonics. I will discuss a few recent experiments demonstrating intriguing phenomena
associated with Metamaterials; the first cloak operating at optical frequencies - an alldielectric “carpet cloak” with broad-band and low-loss performance, and our recent
demonstration of sub-wavelength plasmon laser – a lasing device with a deep subwavelength mode size.
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Ultrafast guided-wave photonics:
Colorful ways to tailor ultrashort optical field waveforms
Aleksei Zheltikov
Physics Department, International Laser Center, M.V. Lomonosov Moscow State University,
Vorob’evy gory, Moscow 119992, Russia
Enhanced nonlinear-optical processes in waveguide modes of novel optical fibers and in selftrapped high-intensity laser beams offer unique opportunities for ultrafast optical science and
lightwave technologies. Photonic-crystal fibers [1 – 3], where dispersion and nonlinearity can be
tailored with a high precision through structure engineering, enable the creation of novel types of
fiber-optic sources of ultrashort light pulses [4, 5]. Special strategies of micro- and
nanostructuring of the core and the cladding of optical fibers help to realize an efficient spectral
and temporal transformation of laser pulses with input pulse widths from tens of nanoseconds
down to several field cycles within the range of peak powers from hundreds of watts up to several
gigawatts [6]. Such micro- and nanostructured fibers find growing applications in nonlinear
microspectroscopy, bioimaging, high-field physics, and photonics of few-cycle field waveforms.
In new fiber lasers, microstructure fibers provide a precise balance of dispersion within a broad
spectral range, allowing the creation of compact all-fiber sources of high-power ultrashort light
pulses [7]. For few-cycle laser pulses with higher peak powers, ionization-induced selfdefocusing can balance the Kerr-effect self-focusing, trapping a laser beam within a filament [8].
This launches complex and interesting sequences of nonlinear-optical spatial, temporal and
spectral transformations of few-cycle field waveforms, allowing the generation of
supercontinuum radiation [9, 10] with spectra stretching from the infrared to the deep UV [11],
giving rise to isolated short-wavelength few-cycle pulses, and offering the ways for all-optical
mapping of attosecond electron tunneling dynamics [12].
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Schedule: Monday evening plenary session

Nonlinear and Switchable Metamaterials
Nikolay I. Zheludev
Optoelectronics Research Centre, University of Southampton, UK
www.nanophotonics.org.uk

We introduce a new class of "coherent" metamaterials where narrow band responses
are formed by collective in-phase excitations of strongly interacting meta-molecules.
Such meta-materials supporting low-radiating “dark” plasmonic modes promise a
new platform for various applications in nonlinear, active and electro-optically
switchable devices.
We illustrate this concept with recent results on nano-structured "coherent" photonic
metamaterials hybridized with semiconductor quantum dots, carbon nanotubes and
chalcogenide glass. "Coherent" high-temperature superconducting metamaterial will
also be reported.
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Broadband light generation in CVD single crystal
diamond
Miaochan Zhi, Kai Wang and Alexei V. Sokolov
Department of Physics and Institute for Quantum Studies,
Texas A&M University, College Station, Texas, 77840-4242
email: mczhi@yahoo.com
Abstract: We generate 15 sidebands in a CVD single crystal diamond pumped by two fs pulses.
The peak frequency of the sideband has a linear dependence with respect to the external output
angle, as shown in Fig. (c).The intensity of the sidebands decrease exponentially as the order go
higher. The AS 2 to AS 9 sideband are combined using a 10 cm spherical mirror and a fused silica
prism. The spectra is shown in Fig. (d). We expect to generate sub-10 fs pulses by adjusting the
relative phase of the sidebands using a pulse shaper.

c 2009 Optical Society of America
⃝
OCIS codes: 320.7110,290.5860

Pump 2

Pump 1

Figure 1: Sideband generation in CVD single crystal diamond. Top: The generated beams are projected on
a piece of white paper 30 cm away from the crystal. A near IR viewing card is used to show the AS 2 to
AS6. (a) The spectra of the two pump beams and the sidebands. Reciprocal scale is used for the x-axis. (b)
The power of the sidebands. Log scale is used for the vertical axis. (c) The peak frequency of the sidebands
vs. the external output angle. (d) The spectra of the combined AS 2 to AS 9 sidebands after a fused silica
prism.
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Session: Mixtures and Spinors I
Schedule: Wednesday evening invited session

Title: Beyond-Mean-Field Quantum Spin Dynamics--- Small is different.
Speaker: Dr. Fei Zhou (University of British Columbia, Vancouver and Canadian
Institute for Advanced Research)

Abstract: In this talk I will speak about a new type of spin dynamics that theoretically
hasn’t been fully understood and experimentally hasn’t been explored. This new class of
spin dynamics occurs due to zero point motions of semi-classical spin order parameters
or orientations and is beyond the scope of the usually Gross-Pitaevskii equation. We find
that for a small condensate with a few thousand atoms the new dynamics can be probed
within the life time of condensates. The effects of quadratic Zeeman fields and
possibilities of observing these new dynamics in a micro-cavity will be discussed at the
end of the talk.
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Anderson localization in fermionic mixtures
K. Ziegler and O. Fialko
Institut für Physik, Universität Augsburg, D-86135 Augsburg, Germany
A mixture of two fermionic species in an optical lattice with repulsive interaction is studied. The
heavy component of the mixture forms a thermal cloud, whose distribution is given by interacting
Ising spins. The light component, on the other hand, is a quantum gas which tunnels inside the
optical lattice and experiences scattering by the heavy atoms. We study the localization properties
of the light fermions numerically by a transfer-matrix method. One-parameter scaling of the localization length is found with a transition from delocalized states at low temperatures to localized
states at high temperature. The critical exponent of the localization length is ν ≈ 0.88.

Mixing of two diﬀerent atomic species, where one is heavier than the other, creates a situation where
the light atoms are scattered by the randomly distributed heavy atoms. An optical lattice is applied in
order to keep the heavy atoms in quenched positions. Due to their higher mass, the heavy atoms behave
classically in contrast to the light atoms, which can tunnel in the optical lattice. The two species have
to arrange each other such that the total atomic system presents a grand-canonical ensemble at a given
temperature. In order to avoid interaction within each species we choose spin-polarized fermions. Then
only the Pauli principle controls the short-range interaction within each species, such that the remaining
interaction is between the diﬀerent fermionic species. It has been shown that the light atoms are subject
to a quenched average with respect to a thermal distribution of the heavy atoms, which is related to an
Ising-like model [1-3]. The scattering processes aﬀect strongly the quantum states of the light atoms,
leading to the formation of a spectral gap at very low temperatures and strong interspecies interaction.
Moreover, there is Anderson localization at higher temperatures. We study the quantum states of an
expanding cloud of light atoms, using a single-parameter scaling approach for the localization length ξ
[4]. For low temperatures up to a critical temperature Tc , the expanding cloud is characterized by an
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FIG. 1: Localization transition in a fermionic mixture. The left panel shows the localization length as a function
of the inverse temperature β, the right panel the scaling above and below the critical temperature.

increasing ξ, indicating delocalized quantum states. For temperatures T > Tc , however, ξ scales to a ﬁnite
value, regardless of the size of the cloud. This observation indicates a special type of Anderson transition
in an expanding cloud. We compare this result with other approaches to localization in few-body and
many-body systems.
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