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Preface

Welcome to PQE-2012. This is the 42nd annual Winter Colloquium on the Physics
of Quantum Electronics, one of the longest running conferences on laser and quantum
physics.

There are 178 talks scheduled over 4 days, including 31 plenary and 146 invited
talks, covering a wide range of physics from metamaterials, plasmonics and trans-
formational optics, to semiconductor lasers, photonics and quantum measurement,
ultracold dynamics, and fundamental physics such as Bell’s inequalities and Unruh
and Hawking effects.

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. Bernhard W. Adams, Ofir Alon,
Robert W. Boyd, Federico Capasso, Kent D. Choquette, Weng Chow, Marcus Ci-
cerone, Claude Fabre, Daniele Faccio, Patrick A. Folkes, Elisabeth Giacobino, Claire
F. Gmachl, Mark Havey, Philip Hemmer, Randall G. Hulet, Robin Kaiser, Henry
Kapteyn, Olga Kocharovskaya, Gerd Leuchs, Ronald E. Meyers, Margaret Murnane,
Peter Nordlander, John Pendry, Mark Raizen, Jorge J. Rocca, Barry Sanders, Wolf-
gang Schleich, Vladimir M. Shalaev, Alexei Sokolov, and Susanne Yelin 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
is our lodging coordinators, and Kelly Wilkins has done all the interfacing between
us and the facilities people in the Cliff Lodge.

It is my hope that this conference is useful and interesting.

George R. Welch, Texas A&M University
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1 Schedule

The conference takes place on January 2-6, 2012. The program consists of three
parts: there is a reception on Monday evening, January 2; the technical sessions
are on Tuesday through Friday mornings and evenings, January 3-6; and the poster
session with dinner is on Friday afternoon, January 6. All events take place in the
Cliff Lodge at Snowbird.

Event When and Where

Reception Monday evening, January 2
Time: 7:00 p.m.
Room: Golden Cliff
Notes: Includes pizza and crudités buffet dinner.

Continental Breakfast Tuesday-Friday mornings, January 3-6
Time: 7:00 a.m.
Room: Ballroom 2
Notes: Includes coffee and tea, juice, and pastries.

Technical Sessions Tuesday-Friday, January 3-6
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 in-
dividual talks. Your afternoons are free to enjoy the
atmosphere.

Poster Session and Buffet
Dinner

Friday evening, January 6

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

PQE-2012 1



PQE-2012 2



2 Location

All conference events are in the Cliff Lodge at Snowbird. Please refer to the diagrams
on the next page to determine the location of the various conference events.

Most events are on level B in the Cliff Lodge. For reference, this is the level with
the automobile entry-way, and the bell desk. The hotel reception desk is on level C.
Level C is directly above level B.

• Reception (Monday 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 (Friday 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 Information for Participants

3.1 Eating

The conference provides dinner on Monday and Friday evenings, and breakfast on
Tuesday through Friday mornings. All other meals are the responsibility of the par-
ticipants.

Dinner on Monday 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 Friday 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 sandwiches
and other lunch fare 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.
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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
Friday 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 over-
head 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.
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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-2012. 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 April 1, 2012 (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. Con-
tributions 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.
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Manuscripts are due by April 1, 2012 to ensure publication in the special issue.
If you need more time than this, or if you have difficulty with the online submission
system, please contact either George or Frank at the addresses below.

Editorial contacts:

George R. Welch – grw@tamu.edu

Frank A. Narducci – frank@aps.org
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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 contri-
butions 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 pre-
sented at PQE-2012 at 10:50 a.m. on Thursday morning, January 5, 2012. The 2012
winners are:

Henry C. Kapteyn, JILA and the University of Colorado
For pioneering contributions to ultrashort pulse generation with application
to x-ray physics.

Margaret M. Murnane, JILA and the University of Colorado
For pioneering contributions to ultrashort pulse generation with applications
to molecular physics.

Jorge J. Rocca, Colorado State University
For seminal contributions and investigations in the field of tabletop x-ray laser
physics.

More information: http://www.lambaward.org/
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5 Program

There are three sessions each day, Tuesday through Friday. 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 break-
fast. After the first breakout session there will be a coffee break, then the second
plenary session will begin. The second breakout session ends at 1:00 p.m. The third
plenary session starts at 7:00 p.m. each evening.

All plenary talks are in Ballrooms 1 and 2. The four breakout sessions are in
Ballroom 1, Magpie A, Magpie B, and Wasatch A. These rooms are shown on the
maps of the Cliff Lodge on page 4.

The following four pages show a block-diagram guide to the sessions, one for each
day. After that is a detailed listing of all the talks.
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5.1 Block diagrams of sessions
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Numbers in brackets refer to the page number of the abstract

5.2 List of all sessions in detail

Tuesday, January 3 2012

Tuesday Morning Plenary Session 1
Location: Ballroom 1 and 2 — Frank A. Narducci, Chair

7:25 Marlan O. Scully, Texas A&M and Princeton University, “Welcoming Remarks”

7:30 Barry Sanders, University of Calgary, “Universal quantum simulation for fun & profit”
[ 200 ]

8:00 Susanne Yelin, University of Connecticut and Harvard University, “Quantum optics with
cold polar molecules” [ 244 ]

8:30 Federico Capasso, Harvard University, “Light Propagation with Phase Discontinuities:
Generalized Laws of Reflection and Refraction” [ 74 ]

Tuesday Morning Invited Session 1

Breakout Session 1: Quantum Simulation.
Location: Ballroom 1 — Barry Sanders, Chair

9:10 Ben Lanyon, IQOQI & University of Innsbruck, “Universal digital quantum simulation
with trapped ions” [ 141 ]

9:30 Jonathan Baugh, Institute for Quantum Computing, “Digital Quantum Simulation of the
Statistical Mechanics of a Frustrated Magnet” [ 60 ]

9:50 Philip Walther, University of Vienna, “Photonic Quantum Simulation of Frustrated Spin
Systems” [ 233 ]

Breakout Session 2: Transformational Optics.
Location: Magpie A — Federico Capasso, Chair

9:10 Patrice Genevet, Texas A&M University, “Ultra-thin plasmonic optical phased array
based on phase discontinuities and application to the generation of optical vortex beam”
[ 101 ]

9:30 Nanfang Yu, Harvard University, “Broadband birefringent metainterfaces” [ 248 ]

9:50 Alexander Kildishev, Purdue University, “Testing the Generalized Shell’s Law with a
Plasmonic Metasurface” [ 128 ]

Breakout Session 3: Ultra Cold Molecules.
Location: Magpie B — Susanne Yelin, Chair

9:10 Tanya Zelevinsky, Columbia University, “Ultracold Molecules in Optical Lattices for Vi-
brational Time & Frequency Metrology” [ 252 ]

9:30 John Barry, Yale University, “Laser cooling and slowing of a diatomic molecule” [ 59 ]

9:50 Robin Côté, University of Connecticut, “Controllable binding of polar molecules and meta-
stable of 1-D dipolar gases with attractive dipole forces” [ 83 ]
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Tuesday Morning Plenary Session 2
Location: Ballroom 1 and 2 — Mark Havey, Chair

10:30 Peter Nordlander, Rice University, “Quantum Plasmonics and Plexcitonics” [ 169 ]

11:00 Peter Lodahl, University of Copenhagen, “Quantum Nanophotonics” [ 146 ]

Tuesday Morning Invited Session 2

Breakout Session 1: Plasmonics.
Location: Ballroom 1 — Peter Nordlander, Chair

11:40 Naomi Halas, Rice University, “Designing and Deconstructing the Fano Lineshape in
Plasmonic Nanoclusters” [ 107 ]

12:00 Mark Stockman, Georgia State University, “Metallization of Nanofilms in Strong THz
and Optical Fields” [ 220 ]

12:20 Lukas Novotny, University of Rochester, “Electrical Excitation of Surface Plasmon Po-
laritons” [ 171 ]

12:40 Harry Atwater, California Institute of Technology, “Plasmoelectrics” [ 56 ]

Breakout Session 2: Molecular Modulation.
Location: Magpie A — Alexei Sokolov, Chair

11:40 Andy Kung, National Tsing Hua University, “Development of a Compact Optical Function
Generator” [ 139 ]

12:00 Masayuki Katsuragawa, University of Electro- Communications, Japan, “Toward broad
Raman generation in the continuous wave regime” [ 124 ]

12:20 Deniz D. Yavuz, University of Wisconsin, “Molecular Modulation Using Continuous-Wave
Lasers” [ 243 ]

12:40 Miaochan Zhi, Texas A&M University, “Pulse-shaper-assisted phase control of a coherent
broadband spectrum of Raman sidebands” [ 253 ]

Breakout Session 3: Light Scattering and Localization in Restricted Geometries.
Location: Magpie B — Peter Lodahl, Chair

11:40 Robin Kaiser, CNRS, Nice, “Random Lasing with Cold Atoms” [ 121 ]

12:00 Mark Havey, Old Dominion University, “Light scattering in dense and cold 87Rb” [ 108 ]

12:20 Stanimir Kondov, University of Illinois at Urbana-Champaign, “Three-Dimensional An-
derson Localization of Ultracold Matter” [ 134 ]

12:40 Arno Rauschenbeutel, VCQ, TU Wien - Atominstitut, Vienna, “Trapping and Interfac-
ing Cold Neutral Atoms Using Optical Nanofibers” [ 191 ]
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Tuesday Evening Plenary Session
Location: Ballroom 1 and 2 — Virgil Sanders, Chair

19:00 Robert W. Boyd, University of Ottawa, “High-Order Entanglement for Quantum Infor-
mation” [ 66 ]

19:30 Olga Kocharovskaya, Texas A&M University, “Control of light by light in a resonant
medium” [ 130 ]

20:00 Leonid Butov, University of California San Diego, “Spontaneous coherence and conden-
sation of excitons” [ 72 ]

Tuesday Evening Invited Session

Breakout Session 1: Plasmonics.
Location: Ballroom 1 — Naomi Halas, Chair

20:50 Stephan Link, Rice University, “Electromagnetic Energy Transport in Nanoparticle
Chains via Dark Plasmon Modes” [ 145 ]

21:10 Christy Landes, Rice University, “When Complexity Meets Function: Enhanced Analysis
of Noisy Single Molecule Data” [ 140 ]

21:30 Gennady Shvets, The University of Texas at Austin, “Fano-resonant Asymmetric Meta-
materials for Sensing and Vibrational Fingerprinting of Protein Monolayers” [ 212 ]

21:50 Stefan Maier, Imperial College London, “Plasmonic nanoantennas for emission control:
limits of the classical picture, plasmonic sinks, and cw Thz emitters” [ 152 ]

Breakout Session 2: Control of Light by Light.
Location: Magpie A — Olga Kocharovskaya, Chair

20:50 Dmitry Budker, UC Berkeley and LBNL, ““Atomic” physics of the NV- centers in dia-
mond” [ 70 ]

21:10 Irina Novikova, College of William and Mary, “Controllable switch from slow to fast light
in N-bar configuration” [ 170 ]

21:30 Holger Schmidt, University of California, Santa Cruz, “Enhanced light-light interactions
by controlling external degrees of freedom on a photonic chip” [ 205 ]

21:50 Simon Rochester, Rochester Scientific, LLC, “AMO physics of sodium laser guide stars
and applications to mesospheric magnetometry” [ 194 ]

Breakout Session 3: Applications of High-Order Entanglement.
Location: Magpie B — Robert W. Boyd, Chair

20:50 Olivier Pinel, LKB (Paris) - ANU (Canberra), “Multimode Quantum Femtosecond Fre-
quency Combs” [ 184 ]

21:10 Alessandra Gatti, CNR, Como, Italy, “Exploring the spatio-temporal correlation of twin
photons via sum-frequency generation” [ 100 ]

21:30 Miles Padgett, University of Glasgow, “Full field measurement of spatial correlated photon
pairs with an EMCCD camera” [ 176 ]

21:50 John Howell, University of Rochester, “Mutual Information of Momentum-Position En-
tangled Photons” [ 113 ]
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Wednesday, January 4 2012

Wednesday Morning Plenary Session 1
Location: Ballroom 1 and 2 — Yanhua Shih, Chair

7:30 Ulrike Woggon, TU Berlin, “Nonlinear optics in nanodevices” [ 240 ]

8:00 Mark Raizen, University of Texas at Austin, “Einstein’s Impossibility” [ 190 ]

8:30 Wolfgang Schleich, Universität Ulm, Germany, “Wave-particle dualism in action” [ 204 ]

Wednesday Morning Invited Session 1

Breakout Session 1: Nanophotonics.
Location: Ballroom 1 — Ulrike Woggon, Chair

9:10 Dan Wasserman, University of Illinois, “Mid-infrared Selective Thermal Emission and
Strong Coupling” [ 237 ]

9:30 Viktor Podolskiy, University of Massachusetts Lowell, “Low-diffraction beaming in plas-
monic crystal” [ 186 ]

9:50 Wei Pan, Sandia National Laboratories, “Bloch oscillations in two-dimensional nanostruc-
ture arrays” [ 177 ]

10:10 Alexander Carmele, Technische Universität Berlin, Germany, “Theory of quantum dot
cavity-QED: LO-phonon induced strong coupling and non-equilibrium phonon distributions”
[ 76 ]

Breakout Session 2: Control of Light by Light.
Location: Magpie A — Dmitry Budker, Chair

9:10 Alexander Lvovsky, University of Calgary, “Towards quantum engineering of atomic
collective excitations” [ 150 ]

9:30 Florencia Pascual-Winter, Laboratoire Aimé Cotton - CNRS, “Revival of silenced echo:
a novel protocol for quantum light storage” [ 179 ]

9:50 Yifu Zhu, Florida International University, “Manipulating polariton states of a coupled
cavity-atom system with atomic coherence and interference” [ 254 ]

10:10 Takashi Nakajima, Kyoto University, “Ionic coherence induced by ultrafast electron ejec-
tion” [ 165 ]
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Breakout Session 3: Cooling of Opto-Mechanical Oscillators to the Quantum Regime.
Location: Magpie B — Mark Raizen, Chair

9:10 Nergis Mavalvala, Massachusetts Institute of Technology, “Quantum Opportunities in
Gravitational Wave Detectors” [ 156 ]

9:30 Andrew Geraci, University of Nevada, Reno, “Ultra-sensitive force detection with
optically-cooled and trapped nanospheres” [ 102 ]

9:50 Tongcang Li, UT Austin and UC Berkeley, “Optical trapping and cooling of microspheres
in vacuum” [ 144 ]

10:10

Breakout Session 4: Fundamentals of Quantum Mechanics.
Location: Wasatch A — Wolfgang Schleich, Chair

9:10 Edward S. Fry, Texas A&M University, “Bell Inequalities and Experimental Tests” [ 97 ]

9:30 John F. Clauser, JF Clauser & Assoc., “Bell’s Theorem – Early formulation and experi-
mental tests:” [ 119 ]

9:50 Ralf Menzel, Universität Potsdam, “New insight into wave-particle dualism demonstrated
with Young’s double slit experiment via obtaining “which slit” information and “interfer-
ence” simultaneously” [ 159 ]

10:10 Ernst Rasel, Universität Hannover, [Title Not Provided]

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

10:50 Hakan E. Türeci, Princeton University, “Strongly correlated photonic systems” [ 228 ]

11:20 Patrick Folkes, US Army Research Laboratory, “Correlated photon fluctuations at the
onset of first-order optical coherence” [ 96 ]

Wednesday Morning Invited Session 2

Breakout Session 1: Quantum Photonics.
Location: Ballroom 1 — Hakan E. Türeci, Chair

12:00 Matthew Gilbert, University of Illinois, “Detecting Emanated Field Signatures in Topo-
logical Systems” [ 104 ]

12:20 Stephan Reitzenstein, Technische Universität Berlin, “Quantum dot – microlasers with
external feedback – a chaotic system close to the quantum limit” [ 192 ]

12:40 J. Gary Eden, University of Illinois, “Quantum Beating As A Probe of Atom-Atom
Interactions And Molecular Dissociation” [ 90 ]
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Breakout Session 2: Novel Optics.
Location: Magpie A — Yuri Rostovtsev, Chair

12:00 Jonathan Leach, University of Ottawa, “Quantum state characterization of high-
dimensionally entangled photons” [ 142 ]

12:20 Eugeniy E. Mikhailov, The College of William & Mary, “All atomic generation and
manipulation of squeezed light with Rb atoms” [ 162 ]

12:40 Boris Zelener, JIHT RAS, “Estimation of Electron Temperature and Density Using Pop-
ulation Distribution over Excited States” [ 251 ]

Breakout Session 3: Photon-related Correlated Fluctuations.
Location: Magpie B — Patrick A. Folkes, Chair

12:00 Hui Deng, University of Michigan, “Single Exciton Emission from Lithographically Defined
InGaN/GaN Quantum Dots” [ 85 ]

12:20 Oleksiy Roslyak, Hunter College, CUNY, “Correlation spectroscopy of trapped dressed
Dirac electrons in a quantum dot.” [ 195 ]

12:40 Jason Fleischer, Princeton University, “Dynamic Phase Transitions using Classical Light”
[ 95 ]

Wednesday Evening Plenary Session
Location: Ballroom 1 and 2 — Robert W. Boyd, Chair

19:00 Jeff Steinhauer, Technion, “Realization of a sonic black hole analog in a Bose-Einstein
condensate” [ 219 ]

19:30 Ron Meyers, US Army Research Laboratory, “Turbulence-Free Ghost Imaging Experi-
ments” [ 160 ]

20:00 Alexei Sokolov, TAMU, “Sky Laser Physics: Atomic Coherence at Work” [ 216 ]

Wednesday Evening Invited Session

Breakout Session 1: Laser and LED Physics.
Location: Ballroom 1 — Dan Wasserman, Chair

20:50 Benjamin S. Williams, UCLA Department of Electrical Engineering, “Terahertz compos-
ite right-left handed metamaterials” [ 239 ]

21:10 Weng Chow, Sandia National Laboratory, “Intrinsic LED efficiency droop without Auger”
[ 79 ]

21:30 Kent Choquette, University of Illinois, “Relative Phases of Coherently Coupled Micro-
cavity Lasers” [ 78 ]

21:50 Claire Gmachl, Princeton University, “Mid-Infrared Quantum Cascade Lasers”
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Breakout Session 2: Quantum Imaging.
Location: Magpie A — Ronald E. Meyers, Chair

20:50 Yanhua Shih, University of Maryland Baltimore County, “From ghost imaging to n-photon
qubits of thermal light -nonlocal coherence vs. local statistics” [ 211 ]

21:10 Sanjit Karmakar, University of Maryland Baltimore County, “The First Experimental
Demonstration of Ghost Imaging with Sunlight” [ 123 ]

21:30 Hui Chen, University of Maryland Baltimore County, “Preparation of n-photon qubits
from incoherent thermal fields” [ 77 ]

21:50 Ivano Ruo-Berchera, INRIM, “Sub-shot noise spatial correlations applied to imaging,
metrology and sensing experiments” [ 197 ]

Breakout Session 3: Non-Equilibrium Ultra-Cold Dynamics.
Location: Magpie B — Jeff Steinhauer, Chair

20:50 Kirk W. Madison, University of British Columbia, “A new twist on Feshbach resonances:
heteronuclear atomic mixtures in combined electric and magnetic fields” [ 151 ]

21:10 Doron Cohen, Ben-Gurion University, “One body decoherence: fluctuations, recurrences
and statistics” [ 81 ]

21:30 Reinhold Walser, Technical University of Darmstadt, “Ultra cool gases going ballistic”
[ 232 ]

21:50 Alicia Kollár, Stanford University, “Exploring strongly correlated matter with multimode
cavity QED” [ 133 ]

Breakout Session 4: Sky Laser Physics.
Location: Wasatch A — Dmitri Voronine, Chair

20:50 Arthur Dogariu, Princeton University, “Correlations and collisions in air lasing” [ 87 ]

21:10 Anatoly Svidzinsky, Texas A&M University, “Non-local effects in single photon superra-
diance” [ 222 ]

21:30 Pankaj K. Jha, Texas A&M University, “Coherence Enhanced Asymmetric Backward and
Forward Gain” [ 117 ]

21:50 Luqi Yuan, Texas A&M University, “Gain without population inversion in Yoked super-
fluorescence scheme” [ 249 ]
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Thursday, January 5 2012

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

7:30 Henry Kapteyn, University of Colorado/JILA, “Ultrafast X-ray Science @ 25: Capturing
Dynamics in Molecules and Materials using Ultrafast Coherent X-Rays” [ 122 ]

8:00 Margaret Murnane, University of Colorado/JILA, “A new Frontier for Nonlinear Optics–
Bright Coherent Beams of keV-energy Photons from Tabletop Lasers” [ 164 ]

8:30 Jorge J. Rocca, Colorado State University, “Table-top soft x-ray lasers: probing and
altering the nanoworld” [ 193 ]

Thursday Morning Invited Session 1

Breakout Session 1: Attosecond Lasers.
Location: Ballroom 1 — Margaret Murnane, Chair

9:10 Markus Guehr, PULSE, SLAC National Accelerator Laboratory, “Observing electronic
structure and dynamics using high harmonic generation and free electron lasers” [ 106 ]

9:30 Agnieszka Jaron-Becker, Univeristy of Colorado and JILA, “Strong field ionization imag-
ing of valence electron dynamics in molecules” [ 115 ]

9:50 Justin Peatross, Brigham Young University, “Measuring Optical Constants of Materials
with Laser High Harmonics” [ 180 ]

10:10 Matthias Kling, Max Planck Institute of Quantum Optics, “Attosecond electron emission
and acceleration from nanoparticles in strong fields” [ 129 ]

Breakout Session 2: Metamaterials.
Location: Magpie A — Alexandra Boltasseva, Chair

9:10 Michael B. Sinclair, Sandia National Laboratories, “Infrared Dielectric Resonator Meta-
materials” [ 214 ]

9:30 Ildar Gabitov, University of Arizona, “Hybrid meta-atoms” [ 99 ]

9:50 Eric Plum and Nikolay Zheludev, University of Southampton, “From Nonlinear Optics
to Nonlinear Plasmonics: Giant Nonlinear Polarization Effects in Metamaterials” [ 185 ]

10:10 Xiaobo Yin, University of California, Berkeley, “Optical negative refraction by four-wave
mixing in thin metallic nanostructures” [ 246 ]
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Breakout Session 3: Non-Equilibrium Ultra-Cold Dynamics.
Location: Magpie B — Doron Cohen, Chair

9:10 Joachim Brand, Massey University, “Macroscopic quantum tunnelling with weakly and
strongly interacting Bose gases” [ 67 ]

9:30 Michael L. Wall, Colorado School of Mines, “The Molecular Hubbard Hamiltonian” [ 231 ]

9:50 Roman Krems, University of British Columbia, “Frenkel exciton physics with ultracold
molecules” [ 136 ]

10:10 Vitaly Kocharovsky, Texas A&M University, “Green’s functions for the critical region of
Bose-Einstein condensation” [ 131 ]

Thursday Morning Plenary Session 2
Location: Ballroom 1 and 2 — Norbert Kroó, Chair

10:50 Lamb Award, , “The presentation of the 2012 Willis E. Lamb Award for Laser Science
and Quantum Optics”

11:20 John Pendry, Imperial College London, “Inside the Wavelength: seeing really small objects
with light” [ 181 ]

Thursday Morning Invited Session 2

Breakout Session 1: X-ray Lasers.
Location: Ballroom 1 — Jorge J. Rocca, Chair

12:00 Carmen Menoni, Colorado State University, “Table-top soft x-ray laser microscope for
nanoscale dynamics and compositional imaging” [ 158 ]

12:20 Greg Tallents, University of York, “Dense plasma diagnostics using soft x-ray and extreme
ultra-violet lasers” [ 223 ]

12:40 Szymon Suckewer, Princeton University, “Plasma amplifier & compressor of ultra-
intensive fsec laser for XRL” [ 221 ]

Breakout Session 2: Metamaterials.
Location: Magpie A — John Pendry, Chair

12:00 David R. Smith, Duke University, “Nonlinear Optical Metamaterials” [ 215 ]

12:20 Nathan Kundtz, Intellectual Ventures, “Metamaterial Surface Antenna Technology”
[ 138 ]

12:40 Rupert Oulton, Imperial College London, “Laser science within a nanoscopic gap” [ 175 ]

Breakout Session 3: Quantum Wells and Nanostructures.
Location: Magpie B — Jon Davis, Chair

12:00 Alexey Belyanin, Texas A&M University, “Superfluorescence of electron-hole plasma in
semiconductor quantum wells” [ 62 ]

12:20 Anton Malko, University of Texas at Dallas, “Spectroscopy of Colloidal Nanocrystals:
From Photoluminescence Blinking to Multiexciton Energy Transfer” [ 153 ]

12:40 Ying Gu, Peking University, China, “Several quantum interference effects near plasmonic
nanostructures” [ 105 ]
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Thursday Evening Plenary Session
Location: Ballroom 1 and 2 — Alexey Belyanin, Chair

19:00 Daniele Faccio, Heriot-Watt University, “Relativistic quantum optics” [ 94 ]

19:30 Randall Hulet, Rice University, “Three and Four-Body Efimov States in an Ultracold
Atomic Gas” [ 114 ]

20:00 Norbert Kroó, Hungarian Academy of Sciences, “Some novelties in nonlinear plasmonics”
[ 137 ]

Thursday Evening Invited Session

Breakout Session 1: Attosecond Lasers.
Location: Ballroom 1 — Henry Kapteyn, Chair

20:50 Arvinder Sandhu, University of Arizona, “Photoionization dynamics in the presence of
attosecond pulse trains and strong fields” [ 201 ]

21:10 Stefan Mathias, University of Kaiserslautern, “Ultrafast magnetic dynamics probed using
coherent X-rays from high-harmonic generation” [ 155 ]

21:30 Ali Belkacem, Lawrence Berkeley National Laboratory, “Probing non-Born-Oppenheimer
dynamics and conical intersections in polyatomic molecules using two-color XUV pulses”
[ 61 ]

21:50

Breakout Session 2: Novel Optics.
Location: Magpie A — Konstantin E. Dorfman, Chair

20:50 Peter D. Keefe, University of Detroit Mercy, “Relaxation Phenomena in the Adiabtic
Phase Transition of Type I Superconductor Particles” [ 125 ]

21:10 Vaclav Spicka, Institute of Physics, Prague, “Fast Transients in Molecular Bridge Systems”
[ 218 ]

21:30 Selim M. Shahriar, Northwestern University, “Enhancement of Sensitivity of an Atom
Interferometer by a Factor of N Using High Compton Frequency of N-atom Collective-
States” [ 208 ]

21:50 Andrew Kortyna, Lafayette College, “Hyperfine-resolved polarizability measurements of
atomic cesium’s 9s and 6d states” [ 135 ]

Breakout Session 3: The Efimov Effect.
Location: Magpie B — Randall G. Hulet, Chair

20:50 Ken O’Hara, Pennsylvania State University, “The Efimov Effect in a Fermi Gas” [ 172 ]

21:10 Brett Esry, Kansas State University, “Manifestations of Efimov physics in ultracold few-
body processes” [ 92 ]

21:30 José P. D’Incao, JILA, University of Colorado and NIST, “The Persistence of Attraction:
the Efimov physics for atoms and dipolar molecules” [ 84 ]

21:50 Doerte Blume, Washington State University, “Application of the stochastic variational
approach to few-fermion systems” [ 63 ]
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Breakout Session 4: Hawking-Unruh Effects.
Location: Wasatch A — Daniele Faccio, Chair

20:50 Ivette Fuentes, University of Nottingham, “Motion creates and degrades entanglement”
[ 98 ]

21:10 Paul Alsing, Air Force Research Laboratory, “The Unruh effect for non-uniformly acceler-
ated observers” [ 55 ]

21:30 Shimshon Barad, Tel Aviv University, “An optical analogue of a sonic horizon in a Laval
nozzle” [ 58 ]

21:50 Theo Nieuwenhuizen, University of Amsterdam, “Understanding quantum measurement
from a realistic, solvable model” [ 168 ]

Friday, January 6 2012

Friday Morning Plenary Session 1
Location: Ballroom 1 and 2 — Arthur Dogariu, Chair

7:30 Misha Lukin, Harvard University , “Controlling atom-like systems in diamond: from
quantum optics to life science” [ 148 ]

8:00 Bernhard Adams, Argonne National Laboratory, “X-ray Quantum Optics” [ 53 ]

8:30 Gerd Leuchs, MPI Science of Light, “Entangled light from whispering gallery mode res-
onators” [ 143 ]

Friday Morning Invited Session 1

Breakout Session 1: Quantum Optics and Sensors with Atom-Like Systems.
Location: Ballroom 1 — Misha Lukin, Chair

9:10 Philip Hemmer, Texas A&M University, “External spin sensing with NV diamond” [ 110 ]

9:30 Ania Bleszynski Jayich, University of California Santa Barbara, “Probing the motion of
a mechanical resonator using a single spin qubit in diamond” [ 116 ]

9:50 Marko Loncar, Harvard University, “Quantum Nanophotonics With Diamond” [ 147 ]

Breakout Session 2: X-ray Quantum Optics.
Location: Magpie A — Bernhard Adams, Chair

9:10 Kenji Tamasaku, RIKEN, “X-ray parametric down-conversion and the second order non-
linear susceptibility” [ 224 ]

9:30 Christian Buth, Argonne National Laboratory, “High-order harmonic generation enhanced
by intense x rays” [ 71 ]

9:50 Ralf Röhlsberger, DESY, “Electromagnetically Induced Transparency with Resonant Nu-
clei in a Cavity” [ 198 ]
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Breakout Session 3: Free Space Atom-Photon Coupling.
Location: Magpie B — Gerd Leuchs, Chair

9:10 Martin Pototschnig, ETH Zurich / Caltech, “Strong interaction of a single molecule with
(single) photons” [ 189 ]

9:30 Valerio Scarani, National University of Singapore, “Coupling single atoms and propagat-
ing light” [ 203 ]

9:50 Christian Ospelkaus, University of Hannover and PTB, Braunschweig, “Microwave quan-
tum logic gates for trapped ions” [ 174 ]

Breakout Session 4: Hawking-Unruh Effects.
Location: Wasatch A — Daniele Faccio, Chair

9:10 Michael Porer, University of Regensburg, “Sub-Cycle Manipulation of a Photonic Band
Structure via Femtosecond Activation of Ultrastrong Light Matter Interaction” [ 187 ]

9:30 Friedrich Koenig, University of St. Andrews, “Photon pairs from the fiber-optical ana-
logue of the event horizon” [ 132 ]

9:50 Igor Pikovski, University of Vienna, “Probing Planck-scale physics with quantum optics”
[ 182 ]

Friday Morning Plenary Session 2
Location: Ballroom 1 and 2 — Shaul Mukamel, Chair

10:30 Vladimir M. Shalaev, Purdue University, “Negative Refraction and Light Bending with
Plasmonic Nanoantennas” [ 209 ]

11:00 Marlan O. Scully, Texas A&M and Princeton University, “Using Quantum Thermody-
namics to Enhance the Efficiency of Lasers and Solar Cells” [ 206 ]

Friday Morning Invited Session 2

Breakout Session 1: Quantum Optics and Sensors with Atom-Like Systems.
Location: Ballroom 1 — Philip Hemmer, Chair

11:40 Paola Cappellaro, Massachusetts Institute of Technology, “Quantum-enhanced diamond
magnetometer” [ 75 ]

12:00 Lloyd Hollenberg, University of Melbourne, “Quantum measurement and orientation
tracking of NV spin qubits in a living cell” [ 112 ]

12:20 Gurudev Dutt, University of Pittsburgh, “High dynamic range magnetometry with a single
electronic spin in diamond” [ 89 ]

12:40 Frank A. Narducci, Naval Air Systems Command, “Suppression of Raman Resonances
Using Magnetic Fields” [ 166 ]
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Breakout Session 2: Metamaterials.
Location: Magpie A — Vladimir M. Shalaev, Chair

11:40 Alexandra Boltasseva, Purdue University, “Metamaterials and Plasmonics: Improved
Material Building Blocks” [ 64 ]

12:00 Jacob Khurgin, Johns Hopkins University, “Compensating the loss in the plasmonic and
metamaterials structures” [ 126 ]

12:20 Evgenii Narimanov, Purdue University, “Thermal Hyper-conductivity: Radiative Heat
Transfer in Hyperbolic Media” [ 167 ]

12:40 Boris Lukiyanchuk, Data Storage Institute Singapore, “Fano resonances and near field
effects in nanostructures” [ 149 ]

Breakout Session 3: Quantum Heat Engines and Solar Energy.
Location: Magpie B — Marlan O. Scully, Chair

11:40 Yuri Rostovtsev, University of North Texas, “Nanowires filled with nanoparticles: appli-
cation to solar cells” [ 196 ]

12:00 Konstantin E. Dorfman, Texas A&M University, “Quantum effects in photosynthetic
complexes under natural conditions” [ 88 ]

12:20 Jianhui Wang, Nanchang University, China, “Performance in finite time for quantum heat
engines” [ 235 ]

12:40

Breakout Session 4: Novel Optics.
Location: Wasatch A — TBA, Chair

11:40 Dmitri Voronine, Texas A&M University, “Nanoscale sensing with surface-enhanced
CARS spectroscopy” [ 229 ]

12:00 Vladimir Sautenkov, Texas A&M University, “Superfluorescent emission of rubidium
atoms observed with ultrashort multi-photon excitation” [ 202 ]

12:20 Dawei Wang, The Chinese University of Hong Kong, “An Optical Diode by a ’Flying’
Photonic Crystal” [ 234 ]

12:40 Hui Xia, Texas A&M and Princeton University, “Transient absorption measurement on
superradiant decay of excited-state helium atoms” [ 241 ]

Friday Evening Plenary Session
Location: Ballroom 1 and 2 — Anatoly Svidzinsky, Chair

19:00 Claude Fabre, Université Pierre et Marie Curie, “How to optimally estimate a physical
parameter using light? A practical answer” [ 93 ]

19:30 Marcus Cicerone, NIST, “Noninvasive Functional Microscopy Using Coherent Raman
Methods” [ 80 ]

20:00 Shaul Mukamel, University of California, Irvine, “Coherent Multidimensional Spec-
troscopy of Energy and Charge Transfer in Photosynthetic Reaction Centers” [ 163 ]
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Friday Evening Invited Session

Breakout Session 1: Quantum Measurement.
Location: Ballroom 1 — Claude Fabre, Chair

20:50 Bruno Escher, Universidade Federal do Rio de Janeiro, “Quantum metrology with noisy
systems” [ 91 ]

21:10 Daniel Braun, University Toulouse Paul Sabatier, “Heisenberg-limited metrology without
entanglement” [ 69 ]

21:30 Si-Hui Tan, Data Storage Institute, Singapore, “Accessing photon bunching with a photon
number resolving multi-pixel detector” [ 225 ]

21:50

Breakout Session 2: X-ray Quantum Optics.
Location: Magpie A — Ralf Röhlsberger, Chair

20:50 Sharon Shwartz, Stanford University, “X-ray Parametric Down-Conversion in the
Langevin Regime” [ 213 ]

21:10 Ian McNulty, Argonne National Laboratory, “Orbital angular momentum in the x-ray
region” [ 157 ]

21:30 Enno Giese, Universität Ulm, “Radiation field of the quantum free-electron laser” [ 103 ]

21:50

Breakout Session 3: CARS.
Location: Magpie B — Marcus Cicerone, Chair

20:50 Jeff Spector, NIST, “Superresolution Four Wave Mixing Microscopy” [ 217 ]

21:10 Herman Offerhaus, University of Twente, “Vibrational Molecular Interferometry” [ 173 ]

21:30 Eric Potma, University of California, Irvine, “Surface-sensitive four-wave mixing mi-
croscopy” [ 188 ]

21:50 Benjamin Marx, Uni Düsseldorf, “Femtosecond Stimulated Raman Microscopy: Devel-
opments and applications” [ 154 ]
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5.3 Poster session

5:00–7:00 p.m., Friday, January 6, 2012.

Bernhard Adams, Argonne National Laboratory
“Advanced Detector Development” [ 54 ]

Charles Ballmann, Texas A&M University
“Quantum Chemical Analysis of SECARS” [ 57 ]

Mykola Bordyuh, Princeton University
“Non-equilibrium quantum many-body phenomena in coupled cavity arrays” [ 65 ]

Joachim Brand, Massey University
“Quantum tunneling of a vortex between two pinning potentials” [ 68 ]

Han Cai, Texas A&M University
“Shot Noise Squeezing within Audio-frequency via 4WM in hot Rb Vapour” [ 73 ]

Alexander Carmele, Technische Universität Berlin, Germany
“Theory of quantum dot cavity-QED: LO-phonon induced strong coupling and non-equilibrium phonon distri-
butions” [ 76 ]

Weng Chow, Sandia National Laboratory
“Intrinsic LED efficiency droop without Auger”

Marcus Cicerone, NIST
“Noninvasive Functional Microscopy Using Coherent Raman Methods” [ 80 ]

Doron Cohen, Ben-Gurion University
“One body decoherence: fluctuations, recurrences and statistics” [ 81 ]

Michael Cone, Texas A&M University
“Integrating Cavity Ring-Down Spectroscopy” [ 82 ]

Hui Deng, University of Michigan
“Compact Spectrometers for the Orbital Angular Momentum of Light” [ 86 ]

Enno Giese, Universität Ulm
“Radiation field of the quantum free-electron laser” [ 103 ]

Ying Gu, Peking University, China
“Several quantum interference effects near plasmonic nanostructures” [ 105 ]

Jizhou He, Nanchang University
“Thermal entangled quantum heat engine” [ 109 ]

Brett Hokr, Texas A&M University
“Towards More Powerful Quantum Heat Engines” [ 111 ]

Pankaj K. Jha, Texas A&M University
“Ultralow-Power Local Laser Control of the Dimer Density in Alkali-Metal Vapors [ 118 ]

Julia Kabuss, Technische Universität Berlin
“Theory of LO-phonon-assisted control of cavity-QED” [ 120 ]

Peter D. Keefe, University of Detroit Mercy
“Relaxation Phenomena in the Adiabtic Phase Transition of Type I Superconductor Particles” [ 125 ]

Jacob Khurgin, Johns Hopkins University
“Eigen mode approach to the sub-wavelength imaging with surface plasmon polaritons” [ 127 ]

Gerd Leuchs, MPI Science of Light
“Entangled light from whispering gallery mode resonators” [ 143 ]
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Kirk W. Madison, University of British Columbia
“A new twist on Feshbach resonances: heteronuclear atomic mixtures in combined electric and magnetic fields”
[ 151 ]

Ron Meyers, US Army Research Laboratory
“Virtual Ghost Imaging (VGI) Experiments at ARL” [ 161 ]

Frank A. Narducci, Naval Air Systems Command
“Suppression of Raman Resonances Using Magnetic [ 166 ]

Wei Pan, Sandia National Laboratories
“Photoluminescence in Mn doped silicon nanocrystals” [ 178 ]

Igor Pikovski, University of Vienna
“Quantum interferometeric visibility as a witness of general relativistic proper time” [ 183 ]

Ralf Röhlsberger, DESY
“Electromagnetically Induced Transparency via Cooperative Emission in a Cavity” [ 199 ]

Eyob A. Sete, Texas A&M University
“Entanglement of two spatially separated qubits via correlated photons” [ 207 ]

Yujie Shen
“Surface-Enhanced Raman Spectroscopy of Organic Crystals” [ 210 ]

Greg Tallents, University of York
“Energy transport in short pulse laser heated targets measured using extreme ultra-violet laser backlighting”

Jonathan Thompson, Texas A&M University
“A review of remotely induced atmospheric lasing” [ 226 ]

Andrew Traverso, Texas A&M University
“Towards Remote Sensing via Atmospheric Lasing” [ 227 ]

Dmitri Voronine, Texas A&M University
“Broadband nanoantennas for nonlinear optical spectroscopy” [ 230 ]

Luojia Wang, Peking University, China
“Effects of the Ratio of Dipole Moments on the Spontaneous Emission Spectrum” [ 236 ]

Scott C. Wilde, Texas A&M University
“Dispersion of the second hyperpolarizability of carbon tetrachloride” [ 238 ]

Alexey Yamilov, Missouri S&T
“Characterization of wave transport in non-conservative random media” [ 242 ]

Zhenhuan Yi, Texas A&M University
“Temporal profile of Yoked superfluorescence in 87Rb: experimental proposal and simulations” [ 245 ]

Xiaobo Yin, University of California, Berkeley
“Integrated nano-optoelectronics” [ 247 ]

Luqi Yuan, Texas A&M University
“Plasma Assisted Coherent Backscattering for Standoff Spectroscopy” [ 250 ]

Barış Öztop, ETHZ and Princeton University
“Open quantum system phase transition: the case of a driven condensate in a cavity” [ 255 ]
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“Transient absorption measurement on superradiant decay of excited-state helium atoms”

Alexey Yamilov, Missouri S&T
poster session, abstract on page 242
“Characterization of wave transport in non-conservative random media”

Deniz D. Yavuz, University of Wisconsin
Tuesday morning, second invited session, abstract on page 243
“Molecular Modulation Using Continuous-Wave Lasers”
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Susanne Yelin, University of Connecticut and Harvard University
Tuesday morning, first plenary session, abstract on page 244
“Quantum optics with cold polar molecules”

Zhenhuan Yi, Texas A&M University
poster session, abstract on page 245
“Temporal profile of Yoked superfluorescence in 87Rb: experimental proposal and simula-
tions”

Xiaobo Yin, University of California, Berkeley
Thursday morning, second invited session, abstract on page 246
“Optical negative refraction by four-wave mixing in thin metallic nanostructures”

Xiaobo Yin, University of California, Berkeley
poster session, abstract on page 247
“Integrated nano-optoelectronics”

Nanfang Yu, Harvard University
Tuesday morning, first invited session, abstract on page 248
“Broadband birefringent metainterfaces”

Luqi Yuan, Texas A&M University
Wednesday evening invited session, abstract on page 249
“Gain without population inversion in Yoked superfluorescence scheme”

Luqi Yuan, Texas A&M University
poster session, abstract on page 250
“Plasma Assisted Coherent Backscattering for Standoff Spectroscopy”

Boris Zelener, JIHT RAS
Wednesday morning, second invited session, abstract on page 251
“Estimation of Electron Temperature and Density Using Population Distribution over Ex-
cited States”

Tanya Zelevinsky, Columbia University
Tuesday morning, first invited session, abstract on page 252
“Ultracold Molecules in Optical Lattices for Vibrational Time & Frequency Metrology”

Miaochan Zhi, Texas A&M University
Tuesday morning, second invited session, abstract on page 253
“Pulse-shaper-assisted phase control of a coherent broadband spectrum of Raman sidebands”

Yifu Zhu, Florida International University
Wednesday morning, first invited session, abstract on page 254
“Manipulating polariton states of a coupled cavity-atom system with atomic coherence and
interference”

Barış Öztop, ETHZ and Princeton University
poster session, abstract on page 255
“Open quantum system phase transition: the case of a driven condensate in a cavity”
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7 Abstracts

The following pages contain the abstracts submitted by the participants.

7.1 Best abstract award.

This year’s “Best Abstract” award will be announced during the reception on Monday evening,
January 2, 2012. The selection committee for the 2012 best abstract award 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 3 factors in reaching their
decision:

1. Clarity. The abstract should effectively communicate what the talk will be about. It should
entice the reader to come to the talk.

2. Presentation. The abstract should look good. This pretty much requires at least one nice
figure. Graphics are good. Clear, pretty, graphics are better!

3. 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 third year for the “Best Abstract”
award, and we believe it continues to be 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 available on the conference web site.

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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X-Ray Quantum Optics

Bernhard W. Adams
Advanced Photon Source, Argonne National Laboratory, 9700 S. Cass Ave., Argonne, Il. 60439

X-ray quantum optics has, so far, taken only a peripheral role in contemporary research. A few
important phenomena are known from the literature, such as x-ray parametric down conversion
[1, 2] and nuclear γ-ray superradiance [3, 4] The field is now poised to grow with the advent
of novel coherent light sources, especially the x-ray free-electron laser (XFEL). Many ideas and
concepts can be taken from the more mature field of conventional (near-visible) quantum optics,
for example photon correlations and entanglement, squeezing, etc. There are, however, also
important differences between the x-ray and near-visible cases. These are mainly due to the
specics of photon-matter interactions, i.e., the role of inner-shell atomic energy levels, nuclear
resonances, or large energy shifts in Compton scattering as photon energies approach that of
the electron rest mass. For high-energy photons approaching 1 MeV, x-ray quantum optics also
enters the domain of high-energy physics as pair creation can modify the vacuum. There will
be brief introductions to the invited talks of the session, which will cover topics ranging from x-
ray parametric down conversion to nuclear-resonant superradiance, electromagnetically induced
transparency (EIT), and orbital angular momentum of photons. These will be followed by an
overview of possible further experiments and applications, such as

• two-photon spectroscopy with linear intensity dependence using entangled photons [5] sim-
ilar to a demonstration in the visible regime [6]

• inversionless lasing for free-electron and atomic-matter lasers

• control of timing and emission direction of nuclear γ-ray superradiance

• the Casimir force at sub-nm length scales

• photon correlations in scattering experiments at XFELs

Following the invited talks, there will be a general discussion about the relevance of x-ray
quantum optics, similarities to and differences from conventional quantum optics, experimental
programs to pursue, and specific equipment and facility needs.

References

[1] P. Eisenberger and S.L. McCall. X-ray parametric conversion. Phys. Rev. Lett., 26:684–688, 1971.

[2] B.W. Adams, editor. Parametric Down Conversion, chapter 5. Kluwer Acad. Publishers, Boston, 2003.

[3] U. van Bürck, D.P. Siddons, J.B. Hastings, U. Bergmann, and R. Hollatz. Nuclear forward scattering of
synchrotron radiation. Phys. Rev. B, 46:6207–6211, 1992.

[4] Yu.V. Shvyd’ko, T. Hertrich, U. van Bürck, E. Gerdau, O. Leupold, J. Metge, H.D. Rüter, S. Schwend, G.V.
Smirnov, W. Potzel, and P. Schindelmann. Storage of nuclear excitation energy through magnetic switching.
Phys. Rev. Lett., 77:3232–3235, 1996.

[5] J. Javanainen and P.L. Gould. Linear intensity dependence of a two-photon transition rate. Phys. Rev. A,
41:5088–5091, 1990.

[6] Dong-Ik Lee and Theodore Goodson III. Entangled photon absorption in an organic porphyrin dendrimer.
J. Phys. Chem. B, 110:25582–25585, 2006.

Speaker: Bernhard Adams
Session: X-ray Quantum Optics
Schedule: Friday Morning Plenary Session 1

PQE-2012 53



Advanced Detector Development

Bernhard W. Adams, for the LAPPD collaboration
Advanced Photon Source, Argonne National Laboratory, 9700 S. Cass Ave., Argonne, Il. 60439

An initiative to develop advanced photon detectors is being pursued at Argonne National Lab-
oratory. Central to the initiative is the Large-Area Picosecond Photon Detector (LAPPD), a
novel technology for an inexpensive photon detector with sub-nanosecond time resolution and
sub-mm spatial resolution in two dimensions. The effort involves several divisions at Argonne,
High-Energy Physics at the University of Chicago, as well as other institutions in the U.S. and
Europe. Applications include neutrino detection where sensitive areas of thousands of m2 are
required, and x-ray imaging for medical, industrial and security applications.
The detector is based upon a stack of micro-channel plates of up to 20cm by 20 cm in size, pack-
aged in a robust glass vessel with a photocathode on top and an array of microwave striplines at
the bottom for readout. Fast waveform sampling chips acquire the pulses, and determine timing
and position of the original photon strike. Conventional microchannel plates are not available
in this large size and would be too expensive for coverage of about 10000 m2 required for large
neutrino detectors. Therefore, an alternative technology has been developed at Argonne, using
Atomic Layer Deposition (ALD) to coat porous glass substrates with resistive and secondary-
electron-emitter layers. A full-scale, 20 cm by 20 cm detector assembly has recently been tested
sucessfully inside a vacuum vessel (so as not to have to care about vacuum-tube sealing prob-
lems) and with a fast oscilloscope instead of the dedicated waveform sampling chip. The MCPs
prodiced with the ALD technology have a gain similar to commercial ones, and exhibit supe-
rior longevity. The design of the waveform sampling integrated circuit is currently in its 4th
iteration, and a prototype has been tested successfully with signals from a smaller MCP stack.
A prototype factory that vacuum-assembles photocathodes, MCPs, and readout striplines to
complete 20 cm x 20 cm detector modules is under construction. The project is open for public
viewing at http://psec.uchicago.edu/library/.

Speaker: Bernhard Adams
Session: Poster Session
Schedule: Poster Session
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The Unruh effect for non-uniformly accelerated observers 

Paul M. Alsing 
 

Air Force Research Laboratory, Information Directorate, Rome, NY, 13441 
 

In its simplest form, the Unruh effect states that the power spectrum for a scalar plane wave mode in an inertial 
(Minkowski) spacetime is thermal at negative frequencies when observed from the frame of a non-inertial, 
uniformly accelerated (a

0 
 = constant, Rindler) observer.  In the standard approach1 to studying the Unruh effect, this 

effect is manifested in the Bogolybov transformation between the creation and annihilation operators for pure plane 
waves in the inertial and non-inertial frames. For non-inertial motion, the creation operator for a pure positive 
frequency inertial Minkowski plane wave is expressed in terms of both the creation and annihilation operators for 
positive and negative frequency Rindler plane waves, respectively. When the non-inertial motion is uniform 
acceleration, the power spectrum of the negative frequency content is thermal for the Rindler observer. 

 
 
An alternative method to examine the structure of an inertial plane wave as described by 
the accelerated observer is through the use of the Eikonal equation, where the phase of the 
plane wave is given by the action S(x,t) = E t - S

0
(z), which is a solution of the Hamilton-

Jacobi equation. Surfaces of constant action2 (for both massless and massive particles) are 
analogous to the wave fronts of classical optics. Given a stationary metric, we can derive an 
equation for wave vector (momentum) which is the normal to surfaces of constant action.  
 
 

Recently, an elegant approach3 to deriving the Unruh temperature is to integrate the spatial portion of the action 
S

0
(z) across the (coordinate) singularity (which appears as a pole in the integral for S

0
(z)). This introduces an 

imaginary contribution to S
0
(z), which by the WKB formula of quantum mechanics, can be interpreted as the 

probability for emission of particles in a Boltzman-like distribution. The new feature that enters into this calculation 
is the imaginary contribution to the probability that arises from the imaginary contribution to the temporal 
coordinate transformation when the particle crosses the horizon. Both contributions combine to give rise to the 
Unruh temperature.  
 
In this talk I discuss the development of an Unruh temperature for non-uniformly accelerated observers based on a 
WKB-tunneling approach1 that emphasizes the role of the action integral for particles whose paths “cross” (tunnel 
through) the horizon. This method relies on the introduction of instantaneous, co-moving (Fermi-Walker) 
coordinates that generalize the form of the uniformly accelerated Rindler metric in flat spacetime by replacing a

0 
→ 

a(t) for arbitrary accelerated motion. In addition, I present a 2-parameter class of coordinates for a non-uniformly 
accelerated observer that smoothly transforms between inertial and uniform accelerated trajectories in Minkowski 
spacetime.  I compute the Bogolyubov coefficients (BC) for these non-uniformly accelerated motions, and discuss 
the non-thermal aspects of the negative frequency BCs for these trajectories. 
 
[1] L.C.B. Crispino, A. Higuchi, G.E.A. Matsas, “The Unruh effect and its applications,” Rev. Mod. Phys. 80, 787, (2008); P.M. 
Alsing and P.W. Milonni, “Simplified derivation of the Hawking-Unruh temperature for an accelerated observer in vacuum,” 
Am. J. Phys. 72, 1524 (2004). 
[2] P.M. Alsing, J.C. Evans and K.K. Nandi, “The phase of a quantum mechanical particle in curved spacetime,” Gen. Rel. and 
Grav. 33, 1459 (2001); J.C. Evans, P.M. Alsing, S. Giorgetti and K.K. Nandi, “Matter waves in a gravitational field: and index of 
refraction for massive particles in general relativity,” Am. J. Phys. 69, 1103 (2001);  
[3] L. Vanzo, G. Acqaviva and R. Di Criscienzo, “Tunneling methods and Hawking radiation: achievements and prospects,” 
Class. Quantum Grav. 28, 183001 (2011); A. de Gill, D. Singeton, V. Akhmedova and T. Pilling, “A WKB-like approach to 
Unruh radiation,” Am. J. Phys. 78, 685, (2010).  

Speaker: Paul Alsing
Session: Hawking-Unruh Effects
Schedule: Thursday evening invited session
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Plasmoelectrics 
 

Harry A. Atwater, and Matt Sheldon 
Thomas J. Watson Laboratories of Applied Physics,  

California Institute of Technology, Pasadena, CA, 91125 
haa@caltech.edu  

 
 

We	   describe	   a	   method	   for	   generation	   of	   DC	   electrical	   power	   from	   resonant	   optical	  
absorption	   in	   plasmonic	   nanostructures.	   	  Our	   device	   scheme	  utilizes	   a	   physical	   phenomenon	  
which	  we	  term	  the	  “plasmoelectric	  effect”.	  Power	  conversion	  results	  from	  the	  dependence	  of	  
the	   plasmon	   resonance	   frequency	   on	   electron	   density.	   Electrically	   connecting	   two	   metallic	  
nanostructures	  with	   resonant	  absorption	  maxima	  at	  distinct	   frequencies,	  and	   irradiating	  both	  
structures	  with	  an	  intermediate	  frequency,	  induces	  electron	  transport	  from	  the	  high	  frequency	  
plasmonic	  resonator	  to	  the	   low	  frequency	  resonator.	  This	  process	   is	  entropically	  driven	  by	  an	  
increase	  of	  the	  absorbed	  incident	  radiation,	  which	  results	  from	  the	  shifted	  plasmon	  resonances	  
induced	  by	  the	  new	  charge	  density	  configuration.	  In	  general,	  a	  decrease	  of	  electron	  density	  will	  
red-‐shift	  a	  plasmon	  resonance,	  while	  an	  increase	  of	  electron	  density	  will	  blue-‐shift	  a	  resonance.	  
This	  device	  geometry	  requires	  no	  thermal	  gradients	  or	  semiconductor	  or	  insulator	  components,	  
distinguishing	   it	   from	   all	   previously	   described	   thermoelectric	   generators,	   rectennas,	  
photovoltaics,	  or	  ‘hot	  electron’	  optical	  energy	  convertors.	  

Our	  analysis	  provides	  a	  thermodynamic	  framework	  for	  the	  expected	  magnitude	  of	  the	  
plasmoelectric	  effect.	  We	  show	  that	  the	  phenomenon	  produces	  a	  thermodynamic	  potential	  for	  
charge	  transport	  between	  irradiated	  resonators	  that	  corresponds	  to	  the	  increase	  of	  the	  internal	  
temperature	   and	   entropy	   generated	   by	   a	   change	   in	   charge	   density.	   This	   entropic	   quantity	  
depends	   on	   the	   absorbed	   power	   from	   the	   incident	   radiation	   field,	   thus	   relating	   the	  
plasmoelectric	  potential	  to	  the	  electron	  density-‐dependent	  absorption	  cross	  section	  [EDDACS]	  
of	  the	  coupled	  nanostructures.	  	  Using	  Mie	  theory	  and	  a	  modified	  complex	  dielectric	  function	  for	  
silver	   that	   accounts	   for	   changes	   in	   electron	   density,	   we	   solve	   for	   the	   total	   absorption	   cross	  
section	   as	   a	   function	   of	   electron	   density	   and	   incident	   wavelength	   for	   electrically	   coupled	  
spherical	  silver	  nanoparticles.	  With	  this	  density-‐dependent	  absorption	  cross	  section,	  we	  derive	  
an	  expression	  for	  the	  steady-‐state	  internal	  temperature	  and	  entropy,	  in	  order	  to	  model	  the	  full	  
current-‐voltage	  response	  of	  such	  a	  device	  connected	  to	  an	  external	   load.	  We	  predict	  a	  single	  
frequency	  power	  conversion	  efficiency	  and	  extend	  our	  analysis	  to	  device	  geometries	  optimized	  
for	  broadband	  absorption	  across	  the	  AM1.5G	  solar	  spectrum,	  and	  discuss	  strategies	  for	  further	  
efficiency	   gains	   that	   take	   advantage	   of	   the	   remarkable	   spectral	   tailorability	   of	   plasmonic	  
nanostructures.	   

Speaker: Harry Atwater
Session: Plasmonics
Schedule: Tuesday Morning Invited Session 2
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Quantum Chemical Analysis of SECARS 

Dmitri V. Voronine
1
, Alexander M. Sinyukov

1
, Xia Hua

1
, Guowan Zhang

1
, Wenlong Yang

1
, Kai 

Wang
1
, Pankaj K. Jha

1
, Charles W. Ballmann

1
, George Welch

1
, Alexei V. Sokolov

1
, and   

Marlan O. Scully
1,2

 

1
Texas A&M University, College Station, TX 77843 

2
Princeton University, Princeton, NJ 

 

Surface-enhanced nonlinear optical spectroscopy of nano-molar amounts of molecules using 

time-resolved surface-enhanced coherent anti-Stokes Raman scattering (SECARS) is reviewed. 

The enhanced spectral resolution allows detecting two species of pyridine molecules in the near 

field of aggregated gold nanoparticles. We perform quantum chemical analysis of 

pyridine/water/gold complexes and compare with the literature models. 

 

 

Figure 1. (a) Cartoon model of pyridine interacting with gold and water. (b) Coherent Raman 

spectra of pyridine with (red) and without (blue) gold nanoparticles. 

Speaker: Charles Ballmann
Session: Poster Session
Schedule: Poster Session
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An optical analogue of a sonic horizon in a Laval nozzle 
 

Moshe Elazar, Victor Fleurov, and Shimshon Bar-Ad 

School of Physics and Astronomy, Tel Aviv University 

 

Abstract 
 

In 1981 W.G. Unruh predicted that a thermal spectrum of sound waves would be emitted 

from the sonic horizon in transonic fluid flow, in analogy to black-hole evaporation [1]. 

Based on this idea, extended to the realm of nonlinear optics, we explore an optical 

analogue of the Laval nozzle, in which light propagation through an appropriately shaped 

waveguide, filled with a self-defocusing nonlinear medium, mimics the transonic 

acceleration of a real fluid expanding through a propulsive exhaust nozzle. Theoretical 

prediction of fluctuations, which are classical analogues of Hawking radiation, will be 

presented, as well as preliminary experimental demonstrations of transonic acceleration 

of such a "luminous liquid". 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: An image of a "jet" of light ejected from a nonlinear waveguide. The 
"luminous liquid" in the waveguide flows perpendicularly to the image plane. 

 
 
[1]   W. G. Unruh, Experimental black hole evaporation,  

Phys. Rev. Lett. 21, 1351 (1981). 

Speaker: Shimshon Barad
Session: Hawking-Unruh Effects
Schedule: Thursday evening invited session
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Laser cooling and slowing of a diatomic molecule

J.F. Barry, E.S. Shuman, E.B. Norrgard, M. H. Steinecker, and D. DeMille
Department of Physics, Yale University, P.O. Box 208120, New Haven, CT 06520, USA
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Laser cooling and slowing of SrF. a) Transverse Doppler cooling. b)
Transverse Sisyphus cooling. c) Longitudinal velocity profiles for several
laser detunings (color) versus control (black).

It has been roughly three
decades since laser cooling
techniques produced ultracold
atoms, leading to rapid advances
in a wide array of fields. How-
ever, straightforward extension
of such techniques to molecules
is problematic, and the direct
laser cooling of a molecule was
only demonstrated one year ago
[1]. The primary problem is that
laser cooling techniques require a
large number of photon absorp-
tion/emission cycles (& 104),
and thus they are ideally suited
for a two-level system (requiring
one laser). Each additional state
that can be populated by un-
wanted decays generally requires
an additional laser to return this
population to one of the primary
cycling states. In the case of
molecules, the same rotational
and vibrational degrees of free-
dom which make molecules so
interesting unfortunately create
additional rotational and vibra-
tional states which may be pop-
ulated via unwanted decays. For
typical molecules, the branching ratios to such states dictate that standard laser cooling techniques would
require so many lasers (& 20) as to be experimentally unfeasible.

This talk reviews our work laser cooling and slowing the diatomic molecule strontium monofluoride (SrF).
Careful molecule selection suppresses decays to unwanted vibrational states [2], while driving an X(N =
1) →A(N = 0) type transition eliminates decays to unwanted rotational states [3]. The dark ground-state
Zeeman sublevels created by this specific scheme are remixed via a static magnetic field [4]. Using three lasers,
this scheme should allow ∼ 105 photon absorption/emission cycles before molecules are lost via unwanted de-
cays. This number of cycles should be sufficient to slow and cool our molecular beam [5] in order to load a
magneto optical trap (MOT). So far, we have demonstrated 1-D transverse cooling of a beam of SrF, in both
a Doppler and a Sisyphus-type cooling regime. More recently we realized longitudinal slowing. Our results
provide a clear path to produce a molecular MOT.

[1] E. S. Shuman, J. F. Barry, and D. DeMille, Nature 467, 820 (2010).
[2] M. D. Di Rosa, Eur. Phys. J. D 31, 395 (2004).
[3] B. K. Stuhl, B. C. Sawyer, D. Wang, and J. Ye, Phys. Rev. Lett. 101, 243002 (2008).
[4] E. S. Shuman, J. F. Barry, D. R. Glenn, and D. DeMille, Phys. Rev. Lett. 103, 223001 (2009).
[5] J. F. Barry, E. S. Shuman, E. B. Norrgard, and D. DeMille, arXiv:1110.4890 (2011).

Speaker: John Barry
Session: Ultra Cold Molecules
Schedule: Tuesday Morning Invited Session 1
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Digital	  Quantum	  Simulation	  of	  the	  Statistical	  Mechanics	  of	  a	  Frustrated	  Magnet	  
	  

Jingfu	  Zhang1,2,	  Man-‐Hong	  Yung5,	  Raymond	  Laflamme1,2,4,	  Alan	  Aspuru-‐Guzik5	  and	  Jonathan	  
Baugh1,2,3	  

	  
1Institute for Quantum Computing, 2Department of Physics and Astronomy,  
3Department of Chemistry, University of Waterloo, Waterloo, Ontario, N2L 3G1, Canada 
4Perimeter Institute for Theoretical Physics, Waterloo, Ontario, N2J 2W9, Canada	  
5Department of Chemistry and Chemical Biology, Harvard University, Cambridge, MA, 02138, USA  

 
Many interesting problems in physics, chemistry, and computer science are equivalent to problems of 
interacting spins. However, most of these problems require computational resources that are out of 
reach with classical computers. A promising solution to overcome this challenge is quantum 
simulation. Several “analog” quantum simulations of interacting spin systems have been realized 
experimentally. However, relying on adiabatic techniques, these simulations are limited to preparing 
ground states. Here we report the first “digital” quantum simulation of thermal states; we used an 
NMR quantum information processor to simulate a three-spin frustrated magnet with Hamiltonian 
 

H = J Z1Z2 + Z2Z3 + Z1Z3( ) + h Z1 + Z2 + Z3( )  
 
where Zk is the z-Pauli matrix of spin k, and for antiferromagnetic coupling (J>0), the ground state at 
zero field (h=0) and zero temperature is frustrated. Our implementation is able to explore the phase 
diagram of the system at any simulated temperature and external field. The results serve as a guide to 
identify the challenges for performing quantum simulation on physical systems at finite temperatures, 
and may lead to new methods for simulating open quantum systems in condensed matter physics and 
chemistry. 
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Experimental results for simulated entropy. (a) 
Entropy S as a function of magnetic field h at low 
temperature, β=11=1/T (where kB=1, and h is 
given in units of the coupling J). The 
experimental data is plotted together with 
numerical simulation results that include effects 
of relaxation and decoherence of the nuclear spin 
qubits. The theoretical result is shown as the 
solid curve. The sharp changes of S around h=±2 
and h=0 indicate phase transitions. The points 
labeled ``Experiment (R)" are obtained from the 
experimental data using a simple decoherence 
model (with no free parameters) that partially 
removes the effects of decoherence. (b-e) Surface 
plots of entropy as a function of h and β from 
theory (b), experiment (c) and simulation (d). 
Modified experimental results that partially 
remove decoherence effects are shown in (e). 
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Probing non-Born-Oppenheimer dynamics and conical intersections in poly-
atomic molecules using two-color femtosecond XUV pulses 

A. Belkacem 

Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720 

 The ultrafast internal conversion of photo-
excitation energy into directed molecular motion or 
chemical reaction is a process of fundamental im-
portance in nature. For example, the ultrafast iso-
merization of excited rhodopsin molecules is crucial 
to the first steps in vision, and the rapid quenching 
of electronic excitation in DNA bases is responsible 
for their ultraviolet photo-stability. Conical inter-
sections between different electronic states domi-
nate the dynamics by providing the path for elec-
tronic relaxation. The dynamics are often initiated 
by promotion of an electron in a π-orbital of a dou-
ble bond to an antibonding π* orbital. 

The simplest molecule with a carbon double 
bond is ethylene (C2H4), yet even this simple case 
exhibits a rich internal conversion dynamics. Be-
cause of ethylene small size, the dynamics follow-
ing ππ* excitation have served as an important 
benchmark case for ab-initio calculations. The cal-
culations predict that the molecule relaxes to the 
ground state through two conical intersections, one 
occurring at a twisted and pyramidilized structure 
and the other near an ethylidene configuration 
(CH3CH), in which one of the hydrogen has mi-
grated across the double bond. 

We performed pump-probe experiments using a 
range of violet-ultraviolet (VUV) and extreme ul-
traviolet (EUV) wavelengths from a high order 
harmonic generation source [1]. To follow the dy-
namics onto the ground state potential energy sur-
face we conducted experiments using the 5th har-
monic (7.7 eV) as a pump and the 19th harmonic 
(29.45 eV) as a probe. The EUV probe photons al-
low us to break the C-C bond and observe transient 
structures such as ethylidene, or directly ionize dis-
sociation products. The pump and the probe act on 
the molecule perturbatively through single photon 
excitation. 

We observe a transient increase in the CH3
+ 

fragment production (see Figure 1) using ion time-

of-flight spectroscopy providing evidence for hy-
drogen migration in ethylene following ππ* excita-

tion. The major part of the relaxation of the excited 
state largely precedes the CH3

+ appearance. This is 
also qualitatively in agreement with the theoretical 
calculations by Tao et al [2] that predict that the 
pyramidilization geometry is reached earlier by the 
wavepacket and is the dominant pathway for inter-
nal conversion. 

References 
[1] T.K. Allison et al, Opt. Lett., 35, 3664 (2010) 
[2] H. Tao, B. Levine and T. Martinez, Journal of Physi-
cal Chemistry A, 113, 13656 (2009).

 

 

Fig. 1 CH2
+ and CH3

+ production as a function of 
pump-probe delay in fs 
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Superfluorescence of electron-hole plasma in semiconductor quantum wells 
 
Alexey Belyanin1, Yongrui Wang1, Aleksander K. Wójcik1, G. Timothy Noe II2, Ji-Hee Kim2, 
Junichiro Kono2, Jinho Lee3, David H. Reitze3, Stephen A. McGill4  
 
1Department of Physics and Astronomy, Texas A&M University, 2ECE and Physics Departments, 
Rice University, 3Department of Physics, University of Florida, 4National High Magnetic Field 
Laboratory, Florida State University 
 
Superfluorescence is one of very few quantum phenomena in which a macroscopic ensemble of 
initially incoherent quantum oscillators demonstrates cooperative, coherent behavior due to an 
efficient self-phasing. It has been observed in gases and crystals doped with active impurities.  In 
semiconductors, an analog of superfluorescence would be a cooperative recombination of 
nonequilibrium carriers.  However, ultrafast carrier scattering tends to destroy optical coherence.  
As a result, superfluorescence in semiconductors remained elusive for many years, despite a 
significant amount of experimental effort.   

  
Fig. 1. Left: quantization of carrier energies in a strong magnetic field and schematic of pump-probe 
measurements of carrier dynamics on Landau levels. Right: time-resolved photoluminescence at low (top 
panel) and high (red curves, middle and bottom panels) excitation intensities. Blue (left) curve at the 
bottom panel: differential transmission showing excitation and ultrafast disappearance of carriers.  
 
In this talk we report theory and the first direct observation of superfluorescence in dense 
semiconductor plasma created in InGaAs/GaAs quantum wells by intense femtosecond 
excitation. In this system strong quantum confinement and carrier degeneracy imposed by 
quantum well potential and an external magnetic field can suppress decoherence processes and 
enable superfluorescence. Our femtosecond pump-probe and streak-camera measurements show 
several key signatures of superfluorescence, including ultrafast depopulation of Landau levels 
accompanied by picosecond bursts of radiation and the transition from omnidirectional amplified 
spontaneous emission to a randomly directed but highly collimated output.  
 
[1] G. T. Noe, J.H. Kim, Y. Wang, A. Wojcik, S.A. McGill, C. J. Stanton, A. A. Belyanin, D. H. 
Reitze, and J. Kono, Giant superfluorescent bursts from a semiconductor magneto-plasma, 
Nature Physics, accepted. 
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Application of the stochastic variational approach to few-fermion systems

D. Blume1

1Department of Physics and Astronomy, Washington State University, Pullman, Washington 99164-2814, USA

This talk summarizes our theoretical investigations of universal aspects of ultracold fermionic
gaseous few-atom systems. In the ultracold regime, where the deBroglie wave length is large com-
pared to the range of the atom-atom interaction potentials, the collisions between atoms become
so slow that the details of the interactions are, to leading order, neglegible. In this regime, the
dynamics of few-atom systems is governed by just one or two “effective parameters” such as the
s-wave scattering length. We investigate the behavior of strongly-interacting two-component Fermi
gases with equal and unequal masses using the stochastic variational approach, a basis set type ex-
pansion approach, that is frequently used in nuclear physics and in atomic and molecular structure
calculations.

Support by the NSF and the ARO is gratefully acknowledged.
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The Road Ahead for Metamaterials and Plasmonics: 
Improved Material Building Blocks 

 
Gururaj V. Naik1, Jongbum Kim1, Paul R. West1,  

Naresh K. Emani1, Alexandra Boltasseva1,2,3 
 

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 Erlangen-
Nürnberg, 91052 Erlangen, Germany 

 
Abstract: New plasmonic materials used as building blocks instead of conventional silver and gold offer 
many advantages in the rapidly growing fields of plasmonics and metamaterials including low loss, 
compatibility with standard semiconductor nanofabrication processes, and tunability. Here we consider 
transparent conducting oxides that enable high-performance metamaterial devices operating in the near-
IR and transition-metal nitrides that can be substitutes for conventional metals in the visible range. 
 

The field of metamaterials1 (MMs) has been gaining momentum over the past several years, as it continues to 
provide new fascinating ideas promising a variety of exciting applications including super-resolution microscopes, 
extremely efficient light concentrators and invisibility cloaks. In most MM devices, noble metals (primarily gold 
and silver) have been used as the constituent material to make subwavelength building blocks. But metals suffer 
from high optical losses that are too large to create practical and robust devices. Another major obstacle when 
using conventional metals is that their metallic response can be too strong (too negative value of real dielectric 
permittivity) to realize the required MM design making device fabrication extremely challenging2. 
 

An ideal material for a specific MM application would offer both low loss performance, and the ability to 
choose/tune the real part of the dielectric permittivity. Recently, we have been exploring the merits of various 
materials as alternatives to silver and gold for the various types of devices2-5. For applications at the important 
telecommunication wavelength of 1.55 μm, we have demonstrated transparent conducting oxides’ (TCOs’) 
superior performance over gold and silver for a wide variety of applications4. TCOs are a family of wide band gap 
materials including indium tin oxide (ITO), aluminum- and gallium-doped zinc oxide (AZO and GZO) that offer 
low interband losses. Additionally, resistive losses in TCOs are significantly less than in silver and gold2. For the 
visible range, we have demonstrated that the optical performance of gold can be at least matched by materials 
such as titanium nitride (TiN)5. Nitrides also offer fabrication and integration advantages over metals. For 
example, TiN has the capability of being epitaxially grown, and is CMOS compatible.  
 

In summary, in this contribution we show that inorganic ceramic materials: semiconductor-based oxides and 
transition-metal nitrides can be alternative plasmonic materials in the near-IR and visible ranges respectively. 
These materials offer advantages over the other material types, since oxides enable low-loss all-semiconductor 
based plasmonic and MM devices in the near-IR, while metal-nitrides are CMOS compatible and provide 
alternatives to gold and silver in the visible frequencies. In this contribution, we describe fabrication methods for 
these materials and study their optical properties in the context of plasmonic and MM applications. A brief 
discussion on the suitability of these new materials for various plasmonic and MM devices is also presented. 
 
References 
[1] J. B. Pendry, D. Schurig, and D. R. Smith, "Controlling electromagnetic fields," Science 312, 1780-1782 (2006); V. M. Shalaev, 
"Transforming light," Science 322, 384-386 (2008). 
[2] P. West, S. Ishii, G. Naik, N. Emani, V. Shalaev, and A. Boltasseva, "Searching for better plasmonic materials," Laser & 
Photonics Reviews 4, 795–808 (2010). 
[3] A. Boltasseva and H. Atwater, "Low-loss plasmonic materials," Science 331, 290-291 (2011). 
[4] G. Naik and A. Boltasseva, "A comparative study of semiconductor-based plasmonic metamaterials," Metamaterials 5, 1-7 
(2011). 
[5] G. V. Naik, J. Kim, and A. Boltasseva, "Oxides and nitrides as alternative plasmonic materials in the optical range", Optical 
Materials Express 1 (6), 1090–1099 (2011). 
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Non-equilibrium quantum many-body phenomena in coupled
cavity arrays

Mykola Bordyuh1, Baris Öztop1,2, Marco Schiro3 and Hakan E. Türeci1,2

1 Department of Electrical Engineering, Princeton University, Princeton, NJ 08540, USA
2 Institute for Quantum Electronics, ETH Zürich, 8093 Zürich, Switzerland

3 Princeton Center for Theoretical Science, Princeton University, Princeton, NJ 08540, USA

Recent developments in Cavity QED technology allow us to engineer controllable strong interactions
between photons and atoms to create possibilities to use light-matter systems as quantum simulators of
quantum many-body systems. Recent interest has focused on the Superfluid-insulator transition of polaritons
in an array of coupled cavities [1-6]. Although collective behavior of polaritons has been studied extensively
from theoretical point of view during the last few years in the equilibrium case [4-6], there is still little known
about the details of the underlying phase transitions when one consider the inherent non-equilibrium nature
of these models [3]. In this poster we present our recent results on open quantum many body physics in
coupled cavity arrays.

1. References

[1] A. D. Greentree et al., Nature Phys. 466, 856 (2006)

[2] M. J. Hartmann, F. G. S. L. Brandao, and M. B. Plenio, Nature Phys. 462, 849 (2006).

[3] A. Tomadin, V. Giovannetti, R. Fazio, D. Gerace, I. Carusotto, Hakan E. Türeci, A. Imamoglu Phys.
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High-Order Entanglement for Quantum Information 
 

Robert W. Boyd  
Department of Physics and School of Electrical Engineering and Computer Science, 

University of Ottawa, Ottawa, ON K1N 6N5 Canada 
The Institute of Optics and Department of Physics and Astronomy 

University of Rochester, Rochester, NY 14627 USA 

This talk is intended to serve primarily as an introduction to the break-out session of the 
same title as that of this talk. A very common example of entanglement is the 
entanglement of two particles in a two-dimensional space, often the entanglement of two 
photons in their polarization degrees of freedom.  This system is of course describable in 
terms of the Bell states, and strong violations of the Bell inequalities has provided 
empirical evidence for the correctness of standard quantum mechanics in contrast to 
theories based on local realism.  However, more complicated forms of entanglement can 
exist.  One can examine entanglement in a system of more than two particles (such as the 
GHZ states), of two particles in a states space with higher than two dimensions (such as 
the entanglement of the orbital angular momentum, OAM, of two photons), or of the 
simultaneous entanglement in several degrees of freedom (hyperentanglement).  In our 
session, we will explore the properties and benefits of making use of higher-order 
entanglement of any of these forms.  I will also illustrate these issues with some results 
from my own research program. One part of our work involves characterization of 
superresolution based on the properties of N00N states [1]. Another involves the 
construction of a system for quantum key distribution (QKD) in which one can transmit 
more than one secure bit per photon by making use of the high dimensionality of the 
OAM states [2].  We are also interested in learning how to characterize high-dimensional 
entanglement by means of tomography [3].  Finally, we are interested in studying how 
rapidly quantum coherence is lost when entangled photons propagate through 
atmospheric turbulence [4,5]. 
 
[1] Quantum spatial superresolution by optical centroid measurements, H. Shin, K. W. C. Chan, 

H.J. Chang, and R.W. Boyd, Phys. Rev. Lett. 107, 083603 (2011).  
[2] Quantum Key Distribution in a High-Dimensional State Space: Exploiting the Transverse 

Degree of Freedom of the Photon, R.W. Boyd, A. Jha, M. Malik, C. O’Sullivan, B. 
Rodenburg, D.J. Gauthier, Proceedings of the SPIE 7948 79480L (2011).  

[3] Tomography of the quantum state of photons entangled in high dimensions, M. Agnew, J. 
Leach, M. McLaren, F.S. Roux, R.W. Boyd, Phys. Rev. A 84 062101 (2011).  

[4] Quantum ghost imaging through turbulence, P. B. Dixon, G. A. Howl and, K.W.C. Wai Chan, 
C. O’Sullivan-Hale, B. Rodenburg, N. D. Hardy, J. H. Shapiro, D. S. Simon, A. V. 
Sergienko, R. W. Boyd, and J. C. Howell, Phys. Rev. A 83, 051803(R) (2011).  

[5] Influence of atmospheric turbulence on the propagation of quantum states of light using plane-
wave encoding, R. W. Boyd, B. Rodenburg, M. Mirhosseini, and S.M. Barnett, Optics 
Express 19, 18310 (2011).   
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Macroscopic quantum tunneling with weakly and strongly interacting Bose gases

Joachim Brand∗

New Zealand Institute for Advanced Study and Centre for Theoretical Chemistry and Physics,
Massey University, Private Bag 102904, North Shore, Auckland 0745, New Zealand.

Scaling deterministic quantum dynamics to increas-
ingly larger systems is a relevant to developing our con-
ceptual understanding of quantum mechanics as well as
the emerging field of quantum technologies. In this talk I
will discuss two different proposals for observing macro-
scopic quantum tunneling in ultracold Bose gases.

In a two-dimensional Bose gas, a vortex can tunnel be-
tween two spatially separated pinning sites on a time
scale of 1s under typical experimental conditions [1].
This makes it possible to detect the tunneling experi-
mentally. We calculate the tunneling rate by phenomeno-
logically treating vortices as point-like charged particles
moving in an inhomogeneous magnetic field. The ob-
tained results are in close agreement with numerical sim-
ulations based on the stochastic c-field theory.
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FIG. 1. A strongly oblate harmonically trapped Bose-Einstein
condensate (BEC) with two pinning potentials realised by
strongly focussed blue-detuned laser beams can be used to
study the quantum tunneling of vortices. Shown is a density
plot of the BEC with a single vortex located at the upper
pinning site.

We also consider the multi-particle tunneling of a one-
dimensional Bose gas across a narrow barrier potential
in a tightly confining ring trap, which can lead to su-
perpositions of opposite flow in the ring [2, 3]. Here
we find that many-body correlations in the strongly-
interacting Tonks-Girardeau regime help us to achieve
significant scalable tunnel coupling, which is essential for
creating superposition states. The many-body correla-
tions have the additional benefit of protecting the super-
position from decoherence by particle loss.

This robustness can be exploited to design quantum
measurement protocols that improve the achievable pre-
cision beyond the shot noise limit of two-mode interfer-
ometers for phase estimation. In contrast to the highly-
entangled NOON states of Heisenberg limited two-mode
interferometry, our correlated superposition states main-
tain the improved precision compared to unentangled
particles in the presence of particle loss. We quantify
the achievable precision by numerical simulation of the
quantum Fisher information under particle loss[4]. The
quantum Fisher information provides rigorous bounds for
the achievable accuracy of phase estimation and is calcu-
lated analytically for a related scheme with spin-polarised
fermionic atoms.

Rigorous and approximate analytical arguments are
underpinned and extended by numerical simulations with
a finite basis set expansion. In order to apply this nu-
merical approach to strongly-correlated one-dimensional
Bose systems we have developed a rescaling approach
that extends the well-known T -matrix renormalisation
to strongly-interacting systems [5]. The method is ro-
bust and versatile and greatly enhances the usefulness
of exact diagonalisation and multi-configurational time-
dependent Hartree (MCTDH) approaches for strongly-
interacting problems.

∗ J.Brand@massey.ac.nz
[1] O. Fialko, A. S. Bradley, J. Brand, Phys. Rev. Lett. (to be

published), arXiv:1105.5869 (2011).
[2] D. W. Hallwood, T. Ernst, J. Brand, Phys. Rev. A 82,

063623 (2010).
[3] D. W. Hallwood, J. Brand, Phys. Rev. A 84, 043620

(2011).
[4] J. J. Cooper, D. W. Hallwood, J. A. Dunningham, J.

Brand, e-print arXiv:1101.3852 (2011).
[5] T. Ernst, D. W. Hallwood, J. Gulliksen, H.-D. Meyer, J.

Brand, Phys. Rev. A 84, 023623 (2011)
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Quantum tunneling of a vortex between two pinning potentials

Olexander Fialko and Joachim Brand∗

New Zealand Institute for Advanced Study and Centre for Theoretical Chemistry and Physics,

Massey University, Private Bag 102904,

North Shore, Auckland 0745, New Zealand.

Ashton S. Bradley

Jack Dodd Centre for Quantum Technology, Department of Physics,

University of Otago, Dunedin, New Zealand.

A vortex can tunnel between two pinning potentials in an atomic Bose-Einstein con-

densate on a time scale of the order of 1s under typical experimental conditions. This

makes it possible to detect the tunneling experimentally. We calculate the tunneling rate

by phenomenologically treating vortices as charged particles moving in an inhomogeneous

magnetic field. The obtained results are in close agreement with numerical simulations

based on the stochastic c-field theory.

∗ J.Brand@massey.ac.nz

[1] O. Fialko, A. S. Bradley, J. Brand, Phys. Rev. Lett. (to be published), arXiv:1105.5869

(2011).
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Heisenberg-limited metrology without entangle-
ment

Daniel Braun1,2 and John Martin3

1 Université de Toulouse, UPS, Laboratoire de Physique Théorique (IRSAMC), F-31062
Toulouse, France
2 CNRS, LPT (IRSAMC), F-31062 Toulouse, France
3 Institut de Physique Nucléaire, Atomique et de Spectroscopie, Université de Liège, 4000
Liège, Belgium

PACS 03.67.-a – Quantum information
PACS 06.20.Dk – Measurement and error theory

Abstract –It is common experimental practice to improve the signal-to-noise ratio by averaging
many measurements of identically prepared systems. If the systems are independent, the overall
sensitivity of the measurement, defined as the smallest resolvable change of the quantity under
consideration, improves as 1/

√
N . In the context of quantum optics, such a scaling behavior

is known as the standard quantum limit (SQL). Quantum enhanced measurements promise the
exciting possibility to improve this scaling behavior. Indeed, if the N systems are initially entangled,
one may achieve in principle a 1/N scaling of the sensitivity, known as the “Heisenberg limit”.
Unfortunately, decoherence has so far limited the implementation of such “quantum enhanced
protocols” with entangled subsystems to rather small values of N . Here we show that a measurement
setup in which N quantum systems interact with a N +1st system allows one to achieve Heisenberg
limited sensitivity, without using or ever creating any entanglement. The method is robust under
local decoherence, in the sense that local decoherence changes only the prefactor but not the scaling
with N . We present a general theoretical framework for this new kind of measurement scheme, and
propose a possible application in high precision measurements of the length of an optical cavity,
where the N + 1st system is an environment, and collective decoherence itself produces the signal
[1, 2].
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Despite of the plethora of applications of the diamond NV
-
 centers, many of the centers’ basic properties 

are still poorly understood. This is like experimenting with cold alkali atoms without the full knowledge 

of their energy levels. We have performed several experiments in an attempt to address this issue. Using 

optical pumping to a metastable singlet, we studied absorption from this state with various probe lasers, 

and have investigated the properties of the phonon sideband of the 1.042 micron transition useful for 

magnetic sensing via absorption [1].  A “new” sharp absorption line has been identified.  In another 

experiment, we studied longitudinal spin relaxation in several dense samples with varying concentration 

of the NV centers (Fig. 1). We find that at low temperatures, relaxation rates are temperature independent, 

and are a function of the NV density. At high temperatures, all samples display a universal rapid 

dependence of the relaxation rate. We have also studied the dependence of the relaxation rates on 

magnetic field, identifying important role of various cross-relaxation mechanisms. Finally, we will 

discuss the light-power narrowing of the optically detected magnetic resonance transitions of importance 

for magnetometers.  

 

 

Figure 1. Temperature dependence of 

longitudinal spin-relaxation rates for NV 

ensembles of various concentrations. The fit 

parameter A1 depends on the sample, while the 

other fit parameters appear to be universal. 

 

This work has been supported by the AFOSR/DARPA QuASAR program and by NSF. 
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magnetometry by infrared-absorption detection of diamond NV centers, Appl. Phys. Lett. 97, 174104 
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High-order harmonic generation enhanced by intense x rays
Christian Buth,1,* Markus C. Kohler,2 Feng He,3 Karen Z. Hatsagortsyan,2 Joachim Ullrich,2,4 Christoph H. Keitel2
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2Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany

3Laboratory for Laser Plasmas and Department of Physics, Shanghai Jiao Tong University, Shanghai 200240, China
4Max Planck Advanced Study Group at the Center for Free-Electron Laser Science, Notkestraße 85, 22607 Hamburg, Germany

*Electronic address: christian.buth@web.de

X-ray science is undergoing one of its greatest revolutions to date with the construction of intense x-ray free 
electron lasers (FELs) in Menlo Park, California, USA (LCLS), Hamburg, Germany (European XFEL), and 
Harima Science Garden City,  Japan (SACLA). These are  vast,  several-hundred-million dollar machines  that 
provide x-ray pulses that are many million times brighter than current sources. Similarly groundbreaking are the 
emerging  attosecond  light  sources  based  on  intense,  pulsed  optical  lasers;  they  are  relatively  inexpensive 
laboratory-size  instruments.  These  two  emerging  radiation  sources  enable  radically  new  research  and  have 
unnumbered potential applications in materials science, chemistry, biology, and physics.

Our work aims at bringing the capabilities of 
HHG-based attosecond sources to FELs [1,2]. First, 
we  theoretically  combine  high-order  harmonic 
generation (HHG) with resonant x-ray excitation of 
a core electron into the transient valence vacancy 
that is created in the course of the HHG process: 
the frst electron performs a HHG three-step process 
whereas, the second electron Rabi fops between the 
core and the transient valence vacancy [Fig. 1]. The 
modifed HHG spectrum due to recombination with 
the valence and the core is determined and analyzed
—for krypton [1] on the 3d → 4p resonance [Fig. 2] 
and for neon [2] on the 1s → 2p—in the respective 
cations in the light of an optical laser and an FEL. 
Second,  we examine HHG where tunnel  ionization 
(frst step) is replaced by direct x-ray ionization of 
core  electron  of  neon.  We  use  the  boosted 
HHG radiation to predict single attosecond pulses in 
the  kiloelectronvolt  regime.  For  both  presented 
schemes,  we  fnd  substantial  HHG yield  for  the 
recombination  of  the  continuum electron with  the 
core hole. Our prediction ofers novel prospects for 
nonlinear x-ray physics, attosecond x rays, and time-
resolved chemical dynamics [1,2].
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[1] C. Buth, M. C. Kohler, J. Ullrich, C. H. Keitel, High-order harmonic generation enhanced by XUV light, Opt. Lett. 36, 

3530–3532 (2011), arXiv:1012.4930.

[2] M. C. Kohler, C. Müller, C. Buth, A. B. Voitkiv, K. Z. Hatsagortsyan, J. Ullrich, T. Pfeifer, C.  H. Keitel,  Electron 
correlation and interference efects in strong-feld processes, in Multiphoton Processes and Attosecond Physics , Springer 
Proceedings in Physics, 2012, Conference proceedings of the ICOMP12-ATTO3, arXiv:1111.3555.

Figure 1 (Color): Schematic of a modifed three-step model for 
the HHG process enhanced by x-ray excitation of a core electron.

Figure  2 (Color): Photon  number  spectrum  of  the  h th 
harmonic for an XUV intensity of 1016 W / cm2 emitted into the 
solid angle dΩ along the x axis. The optical laser intensity is set 
to 3 × 1014 W / cm2 at a wavelength of 800 nm. Both pulses 
have a duration of three optical cycles. The black, solid curve 
shows the contribution from recombination with a valence hole; 
the red, dashed curve correspond to recombination with a core 
hole. The thin-line spectra are obtained by neglecting ground-
state depletion due to direct XUV ionization.
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Spontaneous coherence and condensation of excitons 

 
A.A. High,1 J.R. Leonard,1 M. Remeika,1 A.T. Hammack,1 M.M. Fogler,1 L.V. Butov,1  

A.V. Kavokin,2 K.L. Campman,3 M. Hanson,3 A.C. Gossard3 

 
1 Department of Physics, University of California at San Diego, La Jolla,  

CA 92093-0319, USA 
2 School of Physics and Astronomy, University of Southampton, SO17 1BJ, 

Southampton, United Kingdom 
3 Materials Department, University of California at Santa Barbara, Santa Barbara,  

CA 93106-5050, USA 
 

An indirect exciton is a bound pair of an electron and a hole confined in spatially 
separated layers. Long lifetimes of indirect excitons allow them to cool down to low 
temperatures below the temperature of quantum degeneracy. This gives an opportunity 
to study cold exciton gases. We will present spontaneous coherence and condensation, 
phase singularities, spatial ordering, and spin textures in a cold excitons gas. 
 
Indirect excitons are dipoles and their energy can be controlled by voltage. This gives 
an opportunity to create a variety of potential landscapes for indirect excitons and use 
them as a tool for studying the physics of excitons. We will present spontaneous 
coherence and condensation of excitons in a trap. 
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“Shot Noise Squeezing within Audio‐frequency 

via 4WM in hot Rb Vapour” 

Han Cai 

 Texas A&M University, College Station, TX 77843‐4242, USA 

 

ABSTRACT 

The  experiment  is  based  on  optical  nonlinearity1 in  Rb  atom  due  to  the 

coherence between states in double Λ type system, as shown in figure a2. We 

find  quantum  noise  squeezing  starting  below  10  KHz,  as  shown  in  figure  b, 

which will promise  importance  in precise measurement. We firstly, according 

to  the  publication  so  far,  achieve  squeezing  by  using  semiconductor  laser 

instead of solid  laser, which  is significant  in  the application of quantum  light 

source. 

  

 

 

 

 

 

 

                                                            
1 M. O. Scully, Phys. Rev. Lett. 67, 1855 (1991); M. D. Lukin et al, Phys. Rev. Lett. 81, 2675 (1998); M. D. Lukin 
et al, Phys. Rev. Lett. 82, 1847 (1999). 
2 C. F. McCormick et al., Opt. Lett. 32, 178 (2007) 

Figure: a) energy level diagram; b) spectrums of signal and SQL; 

a) 

b) 

 c)
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Light Propagation with Phase Discontinuities: Generalized Laws of Reflection 
and Refraction 

Federico Capasso

School of Engineering and Applied Sciences, Harvard University, Cambridge, Massachusetts 
02138, USA

Conventional  optical  components  rely  on  gradual  phase  shifts  accumulated  during  light 

propagation to shape light beams.  New degrees of freedom are attained by introducing abrupt 

phase changes over the scale of the wavelength.1 A two-dimensional array of optical resonators 

with spatially varying phase response and sub-wavelength separation can imprint such phase 

discontinuities on propagating light as it traverses the interface between two media. Anomalous 

reflection  and  refraction  phenomena  are  observed  in  this  regime  in  optically  thin  arrays  of 

metallic  antennas  on  silicon  with  a  linear  phase  variation  along  the  interface,  in  excellent 

agreement with generalized laws derived from Fermat’s principle. Phase discontinuities provide 

great flexibility in the design of light beams with the potential of generating a new class of planar 

high performance optical components.

1. N. Yu, P. Genevet, M. A. Kats, F. Aieta, J. P. Tetienne, F. Capasso, Z. Gaburro, Science

334, 333 (2011)
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Quantum-enhanced diamond magnetometer  
 

Paola Cappellaro 
Nuclear Science and Engineering Department 

Massachusetts Institute of Technology 
 
 
 
Precision measurements are among the most important applications of quantum physics. 
Concepts deriving from quantum information science, such as quantum entanglement, 
have been explored for the past decade to enhance precision measurements. 
Improved sensitivity of quantum sensors can be obtained by the preparation of entangled 
states, by robust control of the quantum system, allowing for longer interrogation times, 
and by enhanced readout techniques.  
These strategies could be used to achieve the full potential of electronic spin sensors 
associated with the Nitrogen-Vacancy (NV) centers in diamond.  
NV centers have been recently proposed as sensitive magnetic sensors, providing many 
practical advantages, such as a very high spatial resolution, operation at ambient 
temperature and biocompatibility. The ultimate sensitivity limit is set by the interaction 
of the sensor spins with their environment (the nuclear and electronic spin bath as well as 
surface impurities) and by limitations in the signal readout.  
In this talk I will present some novel magnetometry approaches inspired by quantum 
information. These strategies, ranging from control methods to adaptive readout schemes, 
promise to achieve better sensitivity of DC magnetic fields by NV-based magnetometers. 
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Theory of quantum dot cavity-QED: LO-phonon induced strong
coupling and non-equilibrium phonon distributions

Alexander Carmele1, Julia Kabuss1, Andreas Knorr1, and Weng W. Chow2
1Inst. für Theoretische Physik, TU Berlin, Hardenbergstr.36 EW 7-1, 10623 Berlin, Germany

2 Sandia National Laboratories, Albuquerque, NM 87185-1086, USA

Presently, there is considerable activity in cavity quantum electrodynamics (CQED), which is the study of the
interaction between the radiation-field mode and matter, such as occurring in a semiconductor quantum dot
(QD) embedded in an optical microcavity. Investigations involving QD-CQED are fueled by interesting physics
and potential for tailoring emission properties, e.g. photon statistics, within an ultrasmall volume [1]. In our
contribution, we discuss calculations related to QD-CQED experimental and theoretical studies showing intense
cavity emission and even lasing in an off-resonant cavity mode. Here, we further explore the latter situation by
including the possibility of longitudinal-optical (LO) phonons as an enabling source for an off-resonant strong
light-matter interaction.
Our model is based on an approach, where a set of coupled differential equations describing the photon- and
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phonon-assisted electronic dynamics is derived via mathematical induction [2,3]. An interesting result is the
presence of strong light-matter interaction signatures atdetunings of one LO-phonon frequency below and above
the QD resonance. The associated Rabi oscillations are modified by the strong coupling between QD and LO
phonons. For the Stokes anticrossing, the excited state electron population oscillates between 0 and almost 1.
Remarkably, the oscillation amplitude is not decreased appreciably as predicted at off-resonance by the Jaynes-
Cummings model, (solid line, left panel). The Rabi oscillations are associated with a photon and phonon
emission (dashed and dotted line, left panel), leading to a combined phonon-photon-exciton state. Hereby, the
initially thermal equilibrium of the LO-phonon field is transformed into an non-equilibrium distribution [4]. In
the Figure (middle panel), the phonon probability distribution is plotted for the initial conditionsT = 300 K.
Clearly, a Bose-Einstein distribution is shown. Due to the strong coupling between exciton, photon and phonon,
the distribution evolves into a non-equilibrium (right panel) at 5 ps. To facilitate future modeling of phonon-
assisted strong-coupling phenomena, such as quantum coherences in indirect bandgap material systems, an
analytical expression for an effective interaction energyfor the phonon-assisted optical transition (Rabi energy)
is presented.
References
[1] D. Bimberg, et al, IEEE Photonics J.1, 58 (2009)
[2] J. Kabuss, A. Carmele, M. Richter, W.W. Chow, and A. Knorr, Phys. Status Solidi (b)248, 872 (2011).
[3] J. Kabuss, A. Carmele, M. Richter, and A. Knorr, Phys. Rev. B 84, 125324 (2011).
[4] A. Carmele, J. Kabuss, A. Knorr, and W.W. Chow, in preparation
A. Carmele ( alex@itp.tu-berlin.de )
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Preparation of n-photon qubits from incoherent thermal fields

Hui Chen, Tao Peng, and Yanhua Shih
Department of Physics, University of Maryland Baltimore County, Baltimore, MD 21250

This talk demonstrates a two-photon qubit produced from two incoherent thermal fields each
of which contains two orthogonal and independent polarizations. With the help of two independent
polarization Mach-Zehnder interferometers, the two-photon qubit is prepared as

|Ψ〉 =
1

2
(|x̂1x̂2〉 + |x̂1ŷ2〉 + |ŷ1x̂2〉 + |ŷ1ŷ2〉) ,

or

|Ψ〉 =
1

2
(|L1L2〉 + |L1S2〉 + S1L2〉 + |S1S2〉) ,

where x̂j (Lj) and ŷj (Sj), j = 1, 2, represent the long path that supports the x̂ polarization,
and the short path that supports the ŷ polarization in the Mach-Zehnder interferometers 1 and
2, respectively. The setup is similar to a polarization Franson interferometer, except the optical
path differences are much smaller than the coherence length of the thermal field. The success of
two-photon qubit offers a perspective for producing a large number of n-photon qubit to implement
a practical quantum computing process:

|Ψ〉 =
1√
2n

(
|0, 0, ..., 0, 0〉 + |0, 0, ..., 0, 1〉 + |0, 0, ..., 1, 0〉, ..., +|1, 1, ..., 1, 1〉

)
.

1
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Relative Phases of Coherently Coupled Microcavity Lasers 
Kent D. Choquette and Matthew T. Johnson 

University of Illinois, 208 N. Wright St., Urbana, IL 61801 
e-mail: choquett@illinois.edu 

Abstract: We have demonstrated electronic steering in single mode coherently coupled VCSEL arrays 
[1]. The leaky-mode VCSEL array [2] utilizes a photonic crystal pattern to achieve in-phase operation, 
where a variable phase change between elements can be controlled with current injection to achieve 
steering [3]. We discuss experimental extraction of the phase shift that induces the beam steering. The 
induced phase change is determined from near and far-field profiles using the Fraunhofer approximation. 

The photonic crystal implanted arrays under study are shown in Fig. 1 and operate in an out-of-phase 
mode. Near and far-field measurements are measured for fixed current injection through the left contact 
and varying current injection into the right contact. A two-dimensional Fraunhofer approximation is used 
to simulate the beam’s propagation from the near to far field: 

  (1) 

where U is the field amplitude, ξ and η are the near-field coordinates, x and y are the far field coordinates, 
z is the propagation distance, and k0 and λ correspond to the free space wavelength. The near field 
amplitude is the square root of the measured intensity. The relative phase of the right aperture, φ, was 
extracted by matching the relative intensities of the far field lobes, 

 , (2) 
where I(x,y) is the far field intensity and Uleft(x,y) is the far field amplitude from the left aperture alone. 

Fig. 2 shows the experimental far field profiles which are compared against the far field found from 
Eqs. 1 and 2 by propagating the measured near-field and using φ and |γ| as fitting parameters. The profile 
was found to be almost exactly out-of-phase with equal current injection into each contact. The far field 
was found to steer to the left with increasing right-aperture current, corresponding to a linear shift in φ, 
which is plotted in Fig. 3. Note that a total π phase shift is shown in Fig. 3; pushing the phase shift to 
greater (less) than 1.5 π (0.5 π ) would induce a second in-phase mode to operate in this array with a 
decrease in coherence associated with spectrum broadening. Future work will focus on the mechanism of 
creating the phase difference and its speed. 

References 
[1] D. F. Siriani and K. D. Choquette, IEEE Photon. Tech. Lett. 23, 167 (2011). 
[2]  D. F. Siriani and K. D. Choquette, IEEE J. Sel. Topics Quan. Electron. 47, 160 (2011). 
[3] A. C. Lehman, D. F. Siriani, and K. D. Choquette, Elect. Lett. 43, No. 22 (2007). 

 

Fig. 1.  Top view of 2x1 
implanted photonic crystal 
VCSEL array and  cross-section 
sketch. 

Fig. 2: Far field profiles with 
fixed current in the left and right 
contact. 

Fig. 3.: Relative phase versus the 
current density difference. 

Speaker: Kent Choquette
Session: Laser and LED Physics
Schedule: Wednesday evening invited session

PQE-2012 78



Intrinsic LED efficiency droop without Auger 

 
Weng W. Chow 

Sandia National Laboratories 

Albuquerque, NM 87185-1086 
 

Much progress is being made towards replacing incandescent and fluorescent lights with 

solid-state, light-emitting diodes (LEDs).  However, there are still obstacles, the most 

important of which is efficiency loss exhibited by InGaN LEDs, starting at relatively moderate 

current density (efficiency droop). 

The responsible mechanism is much debated.  A leading candidate is Auger carrier loss, 

based largely on experimental data curve fitting using the ABC model. [The model's name 
derives from the three phenomenological constants (A, B and C) introduced to account for 

Shockley-Read-Hall (SRH), radiative-recombination and Auger-scattering carrier losses, 
respectively.]  However, discrepancy exists in the Auger coefficient estimation between the 

experimental-curve fittings and microscopic calculations. 

It is known that the bandstructure in wurtzite-InGaN quantum-well (QW) structures can 

change noticeably with excitation because of screening of the quantum-confined Stark effect.  A 

LED model was developed to provide direct input of bandstructure properties, in particular, their 

carrier-density dependences arising from screening of piezoelectric and spontaneous polarization 
fields.  Application of this model revealed an intrinsic contribution to efficiency droop in InGaN 

LEDs grown on polar substrates.  The mechanism is based on changes in the emitting states with 

increasing current injection.  At low current density and in the presence of strong piezoelectric 

fields, optical emission is predominately from bulk transitions.  At moderate current density, 

screening of the piezoelectric field results in increased transfer of carrier population from bulk 

states to QW states.  An efficiency droop arises because emission from the increased QW 

population is suppressed by the quantum-confined Stark effect. 

This work is performed at Sandia's Solid-State Lighting Science Center, an Energy Frontier 

Research Center (EFRC) funded by the U. S. Department of Energy, Office of Science, Office of 
Basic Energy Sciences. 
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Noninvasive	  Functional	  Microscopy	  Using	  Coherent	  Raman	  Methods	  
	  
Marcus	  T.	  Cicerone,	  Young	  J.	  Lee,	  Khaled	  A.	  Aamer,	  Christopher	  Hartshorn,	  Charles	  Camp,	  Peter	  Bajcsy	  

National	  Institute	  of	  Standards	  and	  Technology,	  Gaithersburg,	  MD,	  USA	  
	  
Over	  the	  past	  decade	  many	  microscopy	  approaches	  have	  been	  developed	  using	  
coherent	  Raman	  scattering	  as	  a	  contrast	  mechanism.	  Most	  of	  these	  have	  used	  coherent	  
anti-‐Stokes	  Raman	  scattering	  (CARS)	  or	  stimulated	  Raman	  scattering	  (SRS).	  	  Each	  of	  
these	  methods	  feature	  label-‐free	  contrast	  and	  aim	  to	  provide	  noninvasive,	  functional	  
imaging.	  	  Depending	  on	  the	  chemical	  and	  morphological	  complexity	  of	  objects	  being	  
imaged,	  “functional”	  imaging	  may	  be	  achieved	  using	  a	  single	  vibrational	  mode	  or	  may	  
require	  many	  vibrational	  modes	  for	  image	  contrast.	  In	  this	  talk	  I	  will	  give	  a	  brief	  
overview	  of	  CARS	  and	  SRS	  methods,	  including	  issues	  remaining	  to	  be	  resolved	  for	  both	  
approaches.	  	  I	  will	  then	  focus	  my	  remarks	  on	  development	  efforts	  in	  broadband	  CARS	  
microscopy.	  	  

Biological	  materials	  imaging	  is	  often	  performed	  on	  spatio-‐chemical	  
environments	  that	  are	  extremely	  complex,	  or	  discriminating	  subtly	  different	  species.	  	  
In	  these	  applications	  it	  is	  desirable	  to	  have	  as	  much	  chemical	  specificity	  as	  possible,	  
and	  broadband	  coherent	  Raman	  is	  a	  natural	  choice.	  We	  and	  others	  have	  developed	  
broadband	  CARS	  methods	  that	  provide	  as	  much	  chemical	  specificity	  as	  spontaneous	  
Raman,	  but	  acquire	  signal	  in	  a	  few	  milliseconds	  -‐	  as	  much	  as	  100	  times	  faster	  than	  
spontaneous	  Raman	  methods.	  	  (1-‐4)	  
	  	  	  	  	  	  	  	  Figure	  1	  exemplifies	  
the	  chemical	  resolving	  
power	  of	  broadband	  
CARS	  microscopy.	  From	  
the	  Raman	  spectrum	  
obtained	  at	  each	  pixel	  
we	  are	  able	  to	  track	  
signaling	  vesicles	  
related	  to	  wound	  
healing	  response	  in	  
white	  blood	  cells	  (1a),	  
and	  can	  observe	  
changes	  in	  chemistry	  as	  	  

	   	  
Figure	  1a:	  Neutrophil	  with	  
signaling	  vesicles	  digitally	  stained	  
using	  broadband	  CARS.	  

Figure	  1b:	  Stem	  cell	  during	  
differentiation	  to	  osteoblast,	  and	  
extracellular	  matrix.	  

well	  as	  the	  morphology	  of	  stem	  cells	  as	  they	  differentiate	  into	  bone	  or	  fat	  cells	  (1b).	  	  
Although	  broadband	  CARS	  is	  much	  faster	  than	  spontaneous	  Raman,	  imaging	  

speed	  remains	  a	  major	  drawback,	  hindering	  wide-‐spread	  adoption	  of	  this	  method.	  I	  
will	  also	  describe	  a	  signal	  acquisition	  approach	  that	  we	  believe	  will	  allow	  us	  to	  acquire	  
high-‐quality	  full	  spectra	  in	  100s	  or	  even	  10s	  of	  microseconds.	  
	  
1.	  S.	  H.	  Parekh,	  Y.	  J.	  Lee,	  K.	  A.	  Aamer,	  M.	  T.	  Cicerone,	  Biophysical	  Journal	  99,	  2695-‐704	  (2010).	  
2.	  M.	  Okuno,	  H.	  Kano,	  P.	  Leproux,	  V.	  Couderc,	  et	  al.,	  Angew	  Chem	  Int	  Ed	  Engl	  49,	  6773-‐7	  (2010).	  
3.	  W.	  A.	  Benalcazar,	  P.	  D.	  Chowdary,	  Z.	  Jiang,	  D.	  L.	  Marks,	  et	  al.,	  IEEE	  J	  SEL	  TOP	  QUANT	  16,	  824-‐32	  (2010).	  
4.	  X.	  Wang,	  A.	  Zhang,	  M.	  Zhi,	  A.	  V.	  Sokolov,	  et	  al.,	  Opt	  Lett	  35,	  721-‐3	  (2010).	  
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One body decoherence: fluctuations, recurrences and statistics

Doron Cohen [1]
Department of Physics, Ben-Gurion University of the Negev, Beer-Sheva 84105, Israel

We [2–7] apply a semiclassical approach to study
the dynamics of coherence loss and revival in a Bose-
Josephson dimer. The phase-space structure of the
bi-modal system in the Rabi, Josephson, and Fock
interaction regimes, is considered, and the prescrip-
tion for its WKB quantization is specified. The lo-
cal density of states (LDOS) is then deduced for
any given preparation from its semiclassical projec-
tion onto the WKB eigenstates. The LDOS and
the non-linear variation of its level-spacing are em-
ployed to construct the time evolution of the initial
preparation and study the temporal fluctuations of
interferometric fringe visibility. The qualitative be-
havior and characteristic timescales of these fluctua-
tions are set by the pertinent participation number,
quantifying the spectral content of the preparation.
We have employed this methodology to study the
Josephson-regime coherence dynamics of several ini-
tial state preparations, including a Twin-Fock state
and three different coherent states that we denote as
’Zero’, ’Pi’, and ’Edge’ (the latter two are both on-
separatrix preparations, while the Zero is the stan-
dard ground sate preparation). We find a remark-
able agreement between the semiclassical predictions
and numerical simulations of the full quantum dy-
namics. Consequently, a characteristic distinct be-
havior is implied for each of the different prepara-
tions.

[1] Links to papers and PDF of the talk can be found in
http://www.bgu.ac.il/~dcohen

[2] Christine Khripkov, Ami Vardi, and Doron Cohen,
in preparation (2011)

[3] M. Chuchem, K. Smith-Mannschott, M. Hiller, T.
Kottos, A. Vardi, D. Cohen, Semiclassical analysis
of quantum dynamics in the bosonic Josephson junc-
tion, Phys. Rev. A 82, 053617 (2010).

[4] E. Boukobza, M.G. Moore, D. Cohen, A. Vardi, Non-
linear phase-dynamics in a driven Bosonic Josephson
junction, Phys. Rev. Lett. 104, 240402 (2010).

[5] E. Boukobza, D. Cohen, A. Vardi, Interaction-
induced dynamical phase locking of Bose-Einstein
condensates, Phys. Rev. A 80, 053619 (2009).

[6] K. Smith-Mannschott, M. Chuchem, M. Hiller, T.
Kottos, D. Cohen, Occupation Statistics of a BEC for
a Driven Landau-Zener Crossing, Phys. Rev. Lett.
102, 230401 (2009).

[7] E. Boukobza, M. Chuchem, D. Cohen, A. Vardi,
Phase-diffusion dynamics in weakly coupled Bose-
Einstein condensates, Phys. Rev. Lett. 102, 180403
(2009).
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FIG. 1: (a) Illustration of the dimer system. (b) its
spherical phase space. (c) The Wigner function of the
Zero (ϕ = 0), Pi (ϕ = π), and Edge preparations in the
case of an unbiased dimer (ε = 0).
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FIG. 2: One body coherence (length of Bloch vector)
versus time for various preparations.
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Integrating Cavity Ring‐Down Spectroscopy 
 

Michael Cone1, Joseph A. Musser2, and Edward S. Fry1 
1Department of Physics and Astronomy, Texas A&M University 

2Department of Physics and Astronomy, Stephen F. Austin State University 
 

ABSTRACT 
Conventional  Cavity  Ring‐Down  Spectroscopy  (CRDS)  has  become  a  powerful  tool  for 

direct absorption measurements of atoms and molecules in the gas phase.  It typically involves 
sending a short pulse of light into a high finesse Fabry‐Perot cavity and watching the intensity 
inside  the cavity decay  to  zero, or  “ring‐down.”    If  an absorbing medium  is placed  inside  the 
cavity the decay time will decrease, providing a measure of the absorption.  However, the CRDS 
technique  is  compromised  by  the  presence  of  any  scattering  because  it  cannot  distinguish 
photon  losses  due  to  scattering  from  absorption.    An  integrating  cavity  provides  an  elegant 
solution to this problem in that it allows for an absorption measurement that is independent of 
scattering.1   Thus, we have  introduced a new technique we call  Integrating Cavity Ring‐Down 
Spectroscopy (ICRDS).  Currently the best commercially available diffuse reflector materials for 
constructing  integrating  cavities  have  reflectivity  values  that  are  insufficient  for  ICRDS.    We 
have developed a new material with the highest known diffuse reflectivity in the UV and visible, 
making ICRDS possible.2   

Using  this  new  diffuse  reflector,  we  have  been  able  to  use  ICRDS  to  measure  the 
absorption coefficient for various concentrations of a dye mixed in solution with pure water.  As 
shown in Figure 1 (a and b), the time constant for the exponential decay of the light inside the 
cavity  decreases  linearly  with  increasing  dye  concentration  (i.e.  increasing  absorption).    This 
data  can  also  be  used  to  calculate  the  amount  of  time  the  light  spends  in  the  walls  of  the 
integrating cavity.  All of this will be presented, along with plans for future experiments.        

    

                                                            
1 E. S. Fry, J. Musser, G. W. Kattawar, and P. W. Zhai, “Integrating cavities − temporal response,” Appl. Opt. 45, 9053‐9065, (2006). 
2 J. A. Musser, “Novel Instrumentation for a Scattering Independent Measurement of the Absorption Coefficient of Natural Waters, and a 
New Diffuse Reflector for Spectroscopic Instruments and Close Cavity Coupling,” (Texas A&M University, 2006). 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Figure 1:  (a)  Exponential decay (ring‐down) curves for increasing dye concentrations inside a 52mm OD integrating cavity.  (b) 
Plot demonstrating the linear relationship between the inverse of the decay time constant and increasing dye concentration (i.e. 
increasing absorption).  

 

                (a) 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Controllable binding of polar molecules and meta-stable of 1-D
dipolar gases with attractive dipole forces

Robin Côté
Physics Department, University of Connecticut, 2152 Hillside Rd., Storrs, CT 06269-3046

Abstract: We study the possibility of controlling the interaction between ultracold polar
molecules, and to create metastable dipolar gases with attractive interactions.

The recent achievements in the forma-

(a) (b)

(c)

Figure 1: (a) Definition of angles between two
KRb molecules. (b) Low (green) and high

(blue) electron density ρe. ~D points from
K+ towards Rb+. (c) KRb+KRb energy sur-
face for coplanar geometries: aligned (top), T-
oriented (middle), and colinear (bottom).

tion and manipulation of ultracold polar mo-
lecules have opened the gate to exciting new
studies in several fields of physical sciences.
Polar molecules could find uses in quantum
information and precision measurements, while
dense samples could provide a fertile ground
for novel quantum gases because of their
long-range and anisotropic interactions. Un-
til now, stable dipolar gases were thought to
require a repulsive dipole-dipole interaction,
such as provided by parallel dipoles perpen-
dicular to a 2-D plane. However, to observe
interesting new correlations and condensed
matter phases, attractive interactions are
needed. Here, we explore how meta-stable
one-dimensional (1-D) samples of ultracold
polar molecules could be created with at-
tractive long-range dipole-dipole interactions
[1]. We show that a repulsive barrier (see
Fig. 1) due to a strong quadrupole interac-
tion between molecules can stabilize a gas
of ultracold KRb molecules and even lead
to long-range wells supporting bound states
between molecules. The properties of these
wells can be controlled by external electric
fields, allowing the formation of long polymer-
like chains of KRb, and the further study of
Luttinger liquid transition.

References

1. Jason N. Byrd, John A. Montgomery, Jr., and Robin Côté, Controllable binding of polar
molecules and meta-stable of 1-D dipolar gases with attractive dipole forces. Submitted
to Phys. Rev. Lett. (2011).
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"The Persistence of Attraction: the Efimov physics for 
atoms and dipolar molecules"

Jose P. D'Incao, JILA, University of Colorado and NIST

Abstract:

In the past few years experimental and theoretical advances in the understanding of few-body 
physics in ultracold quantum gases with tunable interactions have lead to the confirmation of 
one of the most fundamental quantum phenomena involving just a few particles: The Efimov 
effect. In the early 70’s, Vitaly Efimov predicted that in three-body systems for which the two-
body s-wave scattering length a is much larger than the characteristic range r0 of the two-body 
interaction, an infinite number of three-body states can be formed even when the short-range 
two-body interactions are too weak to bind a dimer state (a < 0). In our recent work [1], we have 
extended our adiabatic hyperspherical representation to incorporate the effects of dipolar 
interaction, an important ingredient for studing few-body physics in ultracold dipolar gases. 
Even though a long-range anisotropic 
dipolar interaction has all the ingredients 
to "destroy" the Efimov effect, our work 
shows that not only does the effective 
attractive interaction that characterizes the 
Efimov effect persist, but also that the 
dipolar interaction is extremely beneficial 
for the study of the Efimov effect. We find 
dipolar Efimov states to be universal in the 
sense that the system has a universal three-
body parameter. Consequently, energies of 
Efimov states in dipolar systems have a 
well-defined value and depend only on 
two-dipole physics. These states tend to be 
long-lived, making dipolar gases ideal 
candidates for studing Efimov states. 
! In this talk, I will also show that although no Efimov effect occur for fermionic dipoles 
the underlying physics is also universal and predicts the existence of a three fermionic dipole 
state which can be important for future experiments for dipolar Fermi gases [2]. These states 
have a peculiar geometry and should exist for every fermionic dipolar system near a dipole-
dipole resonance.

References

[1] Efimov Effect for Three Interacting Bosonic Dipoles, Yujun Wang, J. P. D’Incao, and Chris H. 
Greene, Phys. Rev. Lett. 106, 233201 (2011). 
[2] Universal Three-Body Physics for Fermionic Dipoles, Yujun Wang, J. P. D’Incao, and Chris H. 
Greene, Phys. Rev. Lett. 107, 233201 (2011).

E-field

Figure 1: Dipolar fermionic three-body 
universal state. 
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Fig. 2. (a) Normalized PL of the QD-ND (blue lines) and QW-ND (red lines) at different excitation 
intensities. The dashed lines are fitting of optical phonon replica by Gaussian peaks at an equal 
energy spacing of 70 meV and FWHM of 80 meV. (b) The integrated PL intensity I normalized by 
the ND area v.s. the exciton intensity P for the QD-ND exciton (squares), QD-ND bi-exciton 
(circles), and QW-ND exciton (triangles). The lines are fitting by log(P) = S log(I) + C. (c) Decay 
of exciton intensity with time. The white line is fitting by a single exponential  

Single Exciton Emission from Lithographically Defined 
InGaN/GaN Quantum Dots 

Lei Zhang1, Luke K. Lee2, Pei-Cheng Ku2 and Hui Deng1 
1. Department of Physics, University of Michigan, 450 Church Street, Ann Arbor, MI 48109, USA 

2. Department of Electrical Engineering and Computer Science, University of Michigan,  
1301 Beal Ave., Ann Arbor, MI 48109, USA 

 
Semiconductor quantum dots (QDs) exhibit atomic-like properties with diverse quantum photonic 
applications.1,2 To date, most work has been based on self-assembled QDs in III-As or III-P materials. III-
Nitrides have emerged as a candidate for cryo-free operations, owning to their large exciton binding 
energies. Single photon emission was observed in a self-assembled GaN/AlN QD at 200 K3 and in QDs 
formed at the apex of site-controlled pyramid structures.4,5 The random location of self-assembled QDs 
and the micro-sized of the pyramids make it difficult to integrate the nano-sized QDs with other photonic 
components, such as high quality cavities, in a controlled and scalable fashion. Here we report single 
exciton emission from position- and size-controlled, nearly strain-free InGaN/GaN QDs, fabricated by a 
readily scalable approach involving only electron-beam lithography and plasma etching. 
      To fabricate the device, we first grew a single InGaN/GaN quantum well of 3 nm thick by 
metalorganic chemical vapor deposition, which was then reduced into nano-dots (NDs) of varying 
diameters by lithographic patterning and plasma etching (Fig. 1a-b). To investigate the optical properties 
of the NDs, we used a pulsed 390 nm excitation laser and a con-focal microscopy setup.  
      The spectra of two NDs are shown in Fig. 2a, with diameters 15 nm (called ND-QD) and 2 µm (called 
QW-ND). The QD-ND PL is dominated by a single X-peak, whose intensity increases linearly with the 
excitation intensity P at P=0.4-10W/cm2 (Fig. 2b), and decays mono-exponentially in time (Fig. 2c). The 
peak position and shape remain the same with varying P. These features show that the X-peak originates 
from a single optical oscillator, corresponding to the exciton state. Moreover, the quantum confined stark 
effect, or the internal electric-field inside the QD-ND, is negligible due to strain relaxation within ~20 nm 
of the ND-sidewall. At high excitation intensities, an XX-peak appears, whose intensity increases 
quadratically with the excitation intensity, corresponding to the bi-exciton cascade. In contrast, the QW-
ND PL shows pronounced optical-phonon replica and a large blueshift with increasing P. The PL 
intensity increases super-linearly with P, and decays as a stretched-exponential. These features result from 
the lack of lateral quantum confinement and a large strain-induced internal electric field. 
      Future photon correlation measurements may clarify the homogeneous linewidth and coherence time 
of the exciton state, and exploit its application as a single photon emitter.  

 
 
 
 
 

 
 

 
 
 
 
[1] AJ. Shields, Nat. Photon. 1, 215-223 (2007). [2] TD. Ladd, et. al., Nature 464, 45-53 (2010). [3] S. Kako, et. al., Nat Mater 5, 
887-892 (2006).  [4] PR. Edwards, et. al., App. Phys. Lett. 85, 4281 (2004). [5] C-W. Hsu, et. al., Nano Lett. 11, 2415–8 (2011). 

Fig. 1.  The schematic 
and SEM image of NDs 
of ~17 nm in diameter 
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Compact Spectrometers for the Orbital Angular Momentum of Light 
Paul Bierdz and Hui Deng 

Department of Physics, University of Michigan, 450 Church Street, Ann Arbor, MI 48109, USA 
 

Orbital angular momentum (OAM) is one of the intrinsic properties of light, with eigenvalues of 𝑙ℏ per 
photon, where 𝑙 is any integer.1 Therefore, the OAM degree of freedom can be utilized to construct qu-dit 
(d-dimensional) quantum systems, as opposed to qu-bit (two dimensional) systems, for quantum 
computing in higher-dimensional Hilbert spaces and quantum communication with high information 
capacities. To determine the OAM spectrum of an unknown state, a few methods have been developed.2 
However, all these schemes map different OAM states to spatially separated modes at the output. As a 
result, complexity and size of the experimental setups increase with the highest measurable OAM state. 
Fidelity of the detection is often limited by the complexity of the experimental setup. We demonstrate 
here schemes that resolve different OAM state temporally,3 instead of spatially, and thus require only one 
compact optical-loop for detection of arbitrarily high OAM states with high fidelity. 

 The first scheme3 comprises of one interferometer 
nested within an optical loop (Fig. 1a).  It uses a Quantum 
Zeno Interrogator (shaded region in Fig. 1a) to perform 
counterfactual measurements on the OAM state, and thus 
maps different OAM components of an arbitrary input 
light pulse into different time bins at the output. It can 
achieve very high extinction ratios between different 
OAM states (Fig. 1b) and can work for arbitrarily high 
OAM orders limited mainly by the loss of the optics. 

The second scheme further simplifies the 
spectrometer to make it simple, practical, and economical 
experimentally, at the sacrifice of transmission efficiency. 
As shown in Fig. 1c, the second scheme consists of simply 
an optical loop that converts an input pulse into a sequence 
of pulses equally spaced in time, a vortex phase plate that 
decreases the OAM value by 1 per pass, and a single-mode 
fiber that filter out states with non-zero OAM and passes 
the state with zero OAM. Given an arbitrary incident pulse, 
the OAM=0 component exits the spectrometer first, at 
time 𝑡 = 0, and the component with OAM value 𝑙ℏ exits 
at 𝑡 = 𝑙𝑇 after the first pulse. We tested the spectrometer 
using light with a dominant OAM component, created by 

diffracting a Gaussian laser beam off 
fork-patterns printed on a transparency. 
Extinction ratios of 44-9 were measured 
for 𝑙 =1-3, mainly limited by the purity 
of the test input state. Including 
reasonable mis-alignment, we estimate an 
extinction ratio of >150 for 𝑙 up to 5.  
 
References: 
1 L. Allen, M.W. Beijersbergen, R.J.C. Spreeuw, 
&  J.P. Woerdman, Phys. Rev. A 45, 8185 (1992). 
2 A.M. Yao & M.J. Padgett, Advances in Optics 
and Photonics 3, 161 (2011). 
3 P. Bierdz & H. Deng, Opt. Exp. 19, 11615 (2011). 

(a)  

(b) 

 
Fig. 1 (a) A schematic of the 1st OAM spectrometer. 
(b) OAM spectra P(l) of input states with OAM=𝑙0ℏ, 
using pinhole as the OAM filter, with 4% loop loss. 

 

 
 
Fig. 2 (a) A schematic of the 2nd OAM spectrometer. (b) Measured OAM 
spectra for OAM eigenstates 𝑙 = 0, 1, 2 or 3, created with a fork-grating 
transparency. The correct OAM eigen-state is measured with extinction 
ratios over 44-9. 
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Correlations and collisions in air lasing 

Arthur Dogariu, James Michael, and Richard Miles 
Mechanical and Aerospace Engineering Department, Princeton University 

 
Abstract 

     Optical standoff detection methods relying on light emitted from a remote target are limited by the 
ability to collect a small number of photons, which are usually emitted incoherently in all directions. 
Non-linear coherent methods can provide directionality, but they cannot be used in a standoff 
configuration. These limitations have motivated the quest 
for backward stimulated gain and laser emission back in the 
direction of the pump laser [1]. Recently we have 
demonstrated remote backwards lasing in air by producing 
and then exciting atomic oxygen remotely via pumping at 
226nm [2]. The 845 nm oxygen laser emission in air comes 
from the generation of an elongated pencil-like gain region 
which is generated by two-photon photolysis of molecular 
oxygen and subsequent two-photon excitation of the 
resulting oxygen fragments. In this work we investigate the 
mechanisms for lasing in air by studying the emission in the 
forward and backward direction. 
      We will present results showing that the emission is 
strongly correlated with the pump pulse. Figure 1 shows an 
example of the air laser emission following the modulation of the UV pump. Furthermore, the gain 

region emits symmetrically and simultaneously in the 
forward and backward directions. The high degree of 
correlation is shown in Figure 2 where we present 
measurements using a dual fast detection system to 
detect the amplitude and arrival time of the oxygen 
laser spikes.  
      In order to verify the coherent nature of the 
emission, we study the laser spikes while varying the 
dephasing time. Changing the collision frequency by 
more than an order of magnitude does not change the 
temporal distribution of the short laser pulses detected, 

implying that the decoherence time at atmospheric pressure is too short to play a significant role. We 
conclude that the timing of the laser pulses is dictated by the pump rather than the gain medium. 

[1] V. Kocharovsky et al., “Gain-swept superradiance applied to the stand-off detection of trace impurities in 
the atmosphere,” Proc. Nat. Acad. Sci. 102, 7806 (2005).  

[2] A. Dogariu, J.B. Michael, M.O. Scully, and R.B. Miles, “High-Gain Backward Lasing in Air,” Science 331, 442 
(2011).  

Fig. 1. The atomic oxygen emission shows 
strong correlation with the UV pump. 
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Fig. 2. Backward and forward emissions are 
simultaneous and strongly correlated. 
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QUANTUM EFFECTS IN PHOTOSYNTHETIC COMPLEXES
UNDER NATURAL CONDITIONS

Konstantin E. Dorfman1, Dmitri V. Voronine1, Shaul Mukamel2 and Marlan O. Scully1

1Texas A&M University, College Station, TX 77843-4242, USA
2University of California, Irvine, California 92697-2025, USA

Recent progress in coherent multidimensional optical spectroscopy revealed effects of quantum coherence
coupled to population [1] leading to population oscillations as evidence of quantum transport. Their descrip-
tion requires reevaluation of the currently used methods and approximations. We identify couplings between
coherences and populations as the noise-induced cross-terms in the master equation generated via Agarwal-
Fano interference that have been shown earlier to enhance the quantum yield in a laser and photocell [2]. We
investigated a broad range of typical parameter regimes, which may be applied to a variety of photosynthetic
complexes. We demonstrate that quantum coherence may be induced in photosynthetic complexes under
natural conditions of incoherent light from the sun. This demonstrates that a photosynthetic reaction cen-
ter may be viewed as a biological quantum heat engine (QHE) that transforms high-energy thermal photon
radiation into low entropy electron flux [3]. The efficiency of the engine depends on quantum effects.
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FIG. 1. (A) Schematic of a laser QHE, (B) Scheme of the photocell QHE consisting of quantum dots sandwiched
between p and n doped semiconductors pumped by hot photons at temperature Th (energy source, blue) and by cold
photons at temperature Tc (entropy sink, red). The laser emits photons (green) such that at threshold the laser
photon energy and pump photon energy are related by Carnot efficiency. Open circuit voltage of the photocell and
solar photon energy ~νh are also related by the Carnot factor. (C) The reaction center of Photosystem II. A solar
photon absorbed by one of the coupled molecules PD1, PD2 promotes an electron to the excited state. Then the
electron is transferred to the acceptor molecule AccD1 accompanied by phonon emission and afterwards contributes
to the current across the “load”. (D) Schematic of electronic states of atoms inside the cavity, quantum dot solar cell;
or charge separation states in reaction center. (E), Same as D but lower upper level a is replaced by two states a1 and
a2, which can double the power of a QHE when there is coherence between these levels.

[1] G. Panitchayangkoon, D. V. Voronine, D. Abramavicius, J. R. Caram, N. Lewis, S. Mukamel and G. S. Engel,
PNAS (in press).

[2] M.O. Scully, K.R. Chapin, K.E. Dorfman, M.B. Kim, and A.A Svidzinsky, PNAS 108, 15097 (2011).
[3] K.E. Dorfman, D.V. Voronine, S. Mukamel, and M.O. Scully (preprint).
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High dynamic range magnetometry with a single electronic
spin in diamond

M. V. Gurudev Dutt†

Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, PA 15260;

ABSTRACT

Phase estimation algorithms are used for magnetometry with a single electron spin in diamond. We
demonstrate enhancement in the dynamic range by an order of magnitude compared to standard
measurements.

Single spins associated with defects in diamond have emerged as a very promising platform for nanoscale
magnetic sensing and imaging. In the standard measurement techniques, the precision of the magnetic sensor
is improved by noise averaging the signal through increased measurement time, scaling as δB = η/T 0.5, where
T is measurement time.1 However, the maximum detectable field strength (Bmax) is then typically limited to
approximately the spectral linewidth of the sensor, as is common with most precision spectroscopy techniques. In
such cases, quantum entanglement and spin-squeezing can be used to further improve the precision, but may prove
challenging to implement in solid-state environments. When the field strength is greater than or comparable
to the spectral linewidth, an undesirable trade-off with the sensitivity occurs, necessitated by increasing the
measurement bandwidth and thus reducing the signal to noise ratio.1 In this work, we use novel phase estimation
algorithms to overcome this fundamental trade-off. Nearly an order of magnitude (∼ 8.5 fold ) improvement
in the ratio of Bmax/η has been achieved compared to standard measurements, over a static field sensing
range (∼ ±0.3 mT) that is large compared to the spectral linewidth (∼ 4.5 µT).2 The field uncertainty in our
approach now scales as 1/T 0.88, in contrast to the standard measurement approach. These results may improve
nanoscale imaging techniques by permitting a full-field readout over the entire scan area, and thus allow for
simpler deconvolution methods to reconstruct the unknown spin density in the samples being studied. Extension
of these methods to fluctuating magnetic fields promises significant improvements in the dynamic range and
response time of the sensor.

REFERENCES

[1] D. Budker, and M. Romalis “Optical Magnetometry” Nature Phys. 3, 227–234 (2007).

[2] N. M. Nusran, M. U. Momeen, and M. V. Gurudev Dutt,“High dynamic range magnetometry with a single
electronic spin in diamond”, Nature Nanotech., to be published (2011).
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QUANTUM BEATING AS A PROBE OF ATOMATOM INTERACTIONS AND 
MOLECULAR DISSOCIATION

B. J. Ricconi, T.M. Spinka, T. C. Galvin, Y. Xiao, and J. G. Eden
Laboratory for Optical Physics and Engineering
Department of Electrical and Computer Engineering 
University of Illinois
Urbana, IL   61801

Ultrafast pumpprobe experiments are described in which quantum beating in Rb and Na 
is generated and detected by parametric four wave mixing (PFWM) and Ramsey 
interferometry. Quantum beating at 18.2 THz in Rb, corresponding to the 7s5d energy 
defect of 608 wavenumbers, is superimposed onto the axially phasematched signal wave 
at 420 nm (6p5s) and recovered by Fourier analysis of the signal intensity as the pump
probe time delay is scanned. These experiments demonstrate that quantum beating in the 
atom provides a sensitive probe of molecular dissociation by detecting dissociation 
fragments through the long range dipoledipole interaction. Atomatom interactions alter 
the properties of the atomic wavepacket which, in turn, impacts the phase and amplitude 
of a coherent optical signal. Recent data concerning quantum beating at 2.1 THz in Rb 
and the dissociation of the Rb dimer will be presented.  
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Quantum Metrology with noisy systems

B. M. Escher, R. L. de Matos Filho, and L. Davidovich

Affiliation, address: Instituto de Física, Universidade Federal do Rio de 
Janeiro, 21941-972 Rio de Janeiro, RJ, Brazil

Abstract:
The  estimation  of  parameters  characterizing  dynamical  processes  is 
central to science and technology. The estimation error decreases with 
the number N of resources employed in the experiment (which could 
quantify,  for  instance,  the number  of  probes  or  the probing energy). 
Typically, it scales as one over the square root of N. Quantum strategies 
may improve the precision, for noiseless processes, so that it  scales 
with 1/N. For noisy processes, it is not known in general if and when this 
improvement can be achieved. Here we propose a general framework 
for obtaining attainable and useful lower bounds for the ultimate limit of 
precision  in  noisy  systems.  We  apply  this  bound  to  lossy  optical 
interferometry and atomic spectroscopy in the presence of dephasing, 
showing that it captures the main features of the transition from the 1/N 
to the one over square root of N behavior as N increases, independently 
of  the  initial  state  of  the  probes,  and  even  with  use  of  adaptive 
feedback.

Reference: B. M. Escher, R. L. de Matos Filho, and L. Davidovich,
General framework for estimating the ultimate precision limit in noisy
quantum-enhanced metrology, Nature Physics 7, 406 (2011).
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Manifestations of Efimov physics in ultracold few-body
processes

B.D. Esry
Department of Physics, Kansas State University

While the term “Efimov effect” strictly applies to the formation of an infinite number
of three-body bound states when the two-body s-wave scattering length a goes to infinity
in the absence of two-body bound states, the physical arguments that Efimov used allow
us to understand low-energy three-body collisions much more generally. The associated
phenomena have come to be collectively called “Efimov physics”. One of the remarkable
features of this Efimov physics is that it is universal, depending only on a and one or two
parameters that characterize the short-range physics.

My group has worked to identify new regimes in which Efimov physics can be observed.
We have, for instance, shown that Efimov physics is observable in three-body recombination
— the process by which three atoms A collide to form a molecule, A+A+A→A2+A — beyond
ultracold temperatures [1,2]. We have also shown that three-body Efimov physics emerges
from inelastic four-body collisions [3]. The same analysis shows that Feshbach resonances
between heavy H and light L atoms can be used to tune H+H interactions in cases where
there are no H+H Feshbach resonances. More recently, we have derived analytic expressions
for the decay rates of three atoms in an isotropic harmonic trap.

In my talk, I will describe some of my group’s recent efforts like these to characterize
Efimov physics.

[1] Y. Wang, J.P. D’Incao, H.-C. Naegerl, and B.D. Esry, Phys. Rev. Lett. 104, 113201 (2010).
[2] Y. Wang and B.D. Esry, New J. Phys. 13, 035025 (2011).
[3] Y. Wang, W.B. Laing, J. von Stecher, and B.D. Esry, arXiv:1109.1581.
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How	  to	  optimally	  estimate	  a	  physical	  parameter	  using	  light	  ?	  

a	  practical	  answer	  
	  
Claude	  Fabre,	  Olivier	  Pinel,	  Pu	  Jian,	  Nicolas	  Treps	  
Laboratoire	  Kastler	  Brossel,	  	  Université	  Pierre	  et	  Marie	  Curie,	  Paris,	  France	  
Julien	  Fade	  
Institut	  de	  Physique	  de	  Rennes,	  Université	  de	  Rennes	  1,	  Rennes,	  France	  
Daniel	  Braun	  
Laboratoire	  de	  Physique	  Théorique,	  Université	  Paul	  Sabatier,	  Toulouse,	  France	  
	  
Optical	   techniques	   are	  widely	  used	   to	  make	   accurate	  measurements	   because	   they	   can	   reach	   very	  
high	  precision	  and	  sensitivity	  levels.	  It	  is	  therefore	  important	  to	  know	  what	  is	  the	  ultimate	  limit	  of	  
sensitivity	   that	   can	  be	  possibly	   achieved	   in	   the	   estimation	  of	   a	  parameter	   given	   some	   constraints	  
such	  as	  a	  fixed	  mean	  photon	  number	  N.	  Many	  studies	  have	  been	  devoted	  to	  finding	  ways	  to	  enhance	  
as	   much	   as	   possible	   the	   sensitivity	   of	   parameter	   estimation	   using	   quantum	   resources,	   such	   as	  
squeezed	  states,	  quadrature	  entangled	  states,	  Fock	  states,	  or	  NOON	  states.	  	  
	  	  
The	  talk	  will	  envision	  the	  problem	  of	  optimized	  parameter	  estimation	  in	  a	  way	  that	  is	  closely	  related	  
to	   experimental	   considerations.	   	   As	   all	   quantum	   limits	   scale	   as	   some	   inverse	   power	   on	   N,	   only	  
intense	  light	  is	  worth	  considering	  from	  a	  practical	  point	  of	  view	  when	  one	  wants	  to	  reach	  ultra-‐high	  
measurement	  sensitivities.	  States	  such	  as	  the	  NOON	  states	  have	  been	  so	  far	  produced	  for	  N	  values	  of	  
order	  of	  10	  at	  best	  and	  are	  very	  sensitive	  to	  decoherence	  processes.	  On	  the	  other	  hand	  multimode	  
Gaussian	   states	   such	   as	   squeezed	   or	   quadrature	   entangled	   states	   are	   presently	   available	   non	  
classical	   states	   of	   light	   	   with	   N	   as	   high	   as	   1016.	   This	   is	   the	   reason	   why	   we	   are	   interested	   in	  
determining	  the	  ultimate	  sensitivity	  in	  parameter	  estimation	  using	  intense	  Gaussian	  light.	  	  
	  
The	  originality	  of	  the	  present	  approach	  is	  its	  multi-‐modal	  character.	  A	  multimode	  quantum	  state	  is	  
defined	  not	  only	  by	  the	  value	  of	  the	  coefficients	  of	  its	  decomposition	  on	  the	  Fock	  state	  basis	  but	  also	  
on	   the	  spatio-‐temporal	   shape	  of	   the	  different	  modes	  on	  which	   these	  Fock	  states	  are	  defined.	  This	  
leaves	  us	  two	  kinds	  of	  degrees	  of	  freedom	  on	  which	  to	  act.	  We	  will	  show	  that	  the	  ultimate	  sensitivity	  
with	  Gaussian	  light	  is	  obtained	  not	  only	  by	  choosing	  the	  best	  possible	  Gaussian	  quantum	  state,	  but	  
also	  by	  putting	  this	  state	  in	  the	  best	  possible	  mode	  basis.	  
	  
We	   firstly	   derive	   the	  Quantum	  Cramer	  Rao	   limit	   for	   parameter	   estimation	   using	  multimode	   pure	  
Gaussian	   states	   of	   light.	   We	   then	   exhibit	   an	   optical	   set-‐up	   that	   reaches	   	   such	   a	   limit,	   namely	   a	  
homodyne	  detection	  scheme	  that	  uses	  an	  appropriately	  shaped	  mode	  as	  a	  local	  oscillator.	  We	  finally	  
show	  that	   the	  most	  economical	  way	   to	  maximize	   the	  sensitivity	   is	   to	  put	   the	  most	  squeezed	  state	  
available	   in	   a	   well-‐defined	   light	   mode,	   called	   the	   detection	   mode.	   One	   cannot	   take	   advantage	   of	  
squeezed	   fluctuations	   or	   quantum	   correlations	   coming	   from	   different	   modes	   to	   improve	   the	  
estimation	  of	  a	  single	  parameter.	  We	  therefore	  advise	  experimentalists	  to	  produce	  a	  single	  vacuum	  
squeezed	   state,	   to	   put	   it	   in	   the	   detection	  mode,	   and	   to	  mix	   it	  with	   a	   coherent	   state	   of	   high	  mean	  
photon	   number	   N.	   Doing	   that,	   they	   will	   be	   sure	   that	   nobody	   else	   will	   make	   a	   more	   sensitive	  
estimation	  of	  the	  variation	  of	  the	  parameter	  of	  interest.	  	  
	  
We	   acknowledge	   the	   financial	   support	   of	   the	   Future	   and	  Emerging	  Technologies	   (FET)	  European	  
programme	  	  (HIDEAS	  project).	  
For	  details	  and	  references	  look	  at	  	  :	  arXiv:	  quant-‐ph	  1105.2644.	  
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Relativistic quantum optics.

Daniele Faccio,1,2 Eleonora Rubino,2 Francesco Dalla Piazza,2 Francesco
Belgiorno,3 Iacopo Carusotto,4 and Sergio Cacciatori2

1 School of Engineering and Physical Sciences, SUPA, Heriot-Watt University, Edinburgh
EH14 4AS, UK

2 Dipartimento di Scienza e Alta Tecnologia, Università dellInsubria, Via Valleggio 11,
IT-22100 Como, Italy

3 Dipartimento di Fisica, Università degli Studi di Milano, 20133 Milano, Italy
4 INO-CNR BEC Center and Dipartimento di Fisica, Università di Trento - via Sommarive

14, 38123 Povo (Trento), Italy

d.faccio@hw.ac.uk

Light propagating in a moving medium, or in the presence of a moving perturbation within the
medium, will behave in rather unexpected ways. If the perturbation is moving close to the speed
of light it will scatter a laser pulse into new frequencies and even amplify it. In the absence of an
input light field, the relativistically moving perturbation will excite correlated photon pairs from
the vacuum state.
We have studied a series of different vacuum excitation effects, depending on the specific
behaviour of the perturbation:
1) Hawking-like emission from an optical event horizon generated by perturbation moving at the
speed of light [1]
2) Anomalous Doppler emission from a strongly superluminal perturbation [2]
3) Dynamical Casimir emission from a relativistically oscillating medium [3]
We present an overview of the theoretical description of these effects and experimental proposals.
Experiments are based on nonlinear optical effects, e.g. the Kerr effect by which we may induce
a controllable perturbation in a dielectric medium using intense, ultrashort laser pulses. The
analogue of Hawking emission has been recently reported using such an approach [1]. We will
show recent results in the classical limit of these effects. Experiments in which a light pulse
scatters from a moving perturbation exhibits two new peaks in the output spectrum, one of which
has negative frequency in the comoving reference frame, corresponding to the classical limit of
photon-pair excitaton and amplification of vacuum fluctuations.

References

1. F. Belgiorno, S.L. Cacciatori, M. Clerici, V. Gorini, L. Rizzi, G. Ortenzi, E. Rubino, V.G.
Sala, D. Faccio, “Hawking radiation from ultrashort laser pulse filaments,,” Phys. Rev. Lett.,
105, 203901 (2010).

2. F. Belgiorno, S.L. Cacciatori, G. Ortenzi, V.G. Sala, D. Faccio, “Quantum radiation from
superluminal refractive index perturbations,” Phys. Rev. Lett., 104, 140403 (2010).

3. D. Faccio and I. Carusotto, “Dynamical Casimir Effect in Optically Modulated Cavities,”
Europ. Phys. Lett., 96, 24006 (2011).
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Dynamic Phase Transitions using Classical Light 
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We use classical light to experimentally demonstrate two phase transitions that are typically associated with low-

temperature quantum systems:  Bose-Einstein condensation and the Berezinskii-Kosterlitz-Thouless transition [1,2].  

The former is a collapse of random-phase waves into a coherent ground state while the latter is a proliferation of 

vortices that appears as vortex energy competes with entropy production. 

 In both cases, 2+1D beam experiments are performed using an SBN:60 (Sr0.6Ba0.4Nb2O6) photorefractive crystal.  

An ensemble of random-phase input beams is created using a spatial light modulator, each with a Gaussian field 

profile with adjustable spatial correlation length.  Interactions between modes are facilitated by a self-defocusing 

nonlinearity in the crystal, obtained by applying a voltage across its c-axis.  Two CCD cameras then record the 

output, one for position (x) space and one for momentum (k) space.  For the BKT experiment, a 1D lattice is 

optically induced in the crystal [3] (to facilitate vortex formation), and an additional reference beam is added to 

measure relative phase.    

 Figure 1 shows the kinetic condensation of classical waves.  Results are plotted as a function of input spatial 

coherence, written in terms of energy per “particle” E/N [both the transverse energy ∫= kk dznkE ),(2
 and 

power (“particle number”)
 ∫= kk dzn� ),( are conserved during propagation], for a fixed voltage (interaction 

strength) of -500V.  Consistent with thermalization as a redistribution process, there is no observed variation in the 

output intensity (x-space profile, top row) but a marked change in the power spectrum (k-space profile, bottom row).  

Other measurements, not shown, confirm that the central k-space peak follows the expected condensation curve and 

the broad “thermal” base is given by the classical Rayleigh-Jeans formula for equilibrium [4].      

 Figure 2 shows a Berezinskii-Kosterlitz-Thouless crossover of classical waves in a 1D photonic lattice.  Plotted 

is the number of new vortices measured at the output as a function of input spatial coherence length.  Experimental 

observations match theoretical results predicted by a photonic x-y model [5].  Correlation measurements, not shown, 

also confirm the BKT crossover.   

 In conclusion, we have experimentally observed classical versions of the BEC and BKT phase transitions.  The 

results demonstrate condensed matter physics using only light and confirm recent theory about classical wave 

thermodynamics.   
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[1] V. L. Berezinskii, Zh. Eksp. Teor. Fiz 59, 907 (1970) [Sov. Phys. JETP 32, 493 (1971)]. 
[2] J. M. Kosterlitz and D. J. Thouless, J. Phys. C 5, L124 (1972); 6, 1181 (1973). 

[3] J.W. Fleischer, T. Carmon, M. Segev, N.K. Efremidis, and D.N. Christodoulides, Phys. Rev. Lett. 90, 023902 (2003). 

[4] C. Connaughton, C. Josserand, A. Picozzi, Y. Pomeau and S. Rica, Phys. Rev.Lett. 95, 263901 (2005);  
[5] E. Small, R. Pugatch, and Y. Silberberg, Phys. Rev. A. 83, 013806 (2011). 

Fig. 1. Experimental observation of classical wave condensation.  
Top row: output intensity; bottom row:  output power spectrum.  (a-c) 

Measurements as a function of input spatial correlation length, 

measured in “energy per particle” E/N, for fixed interaction strength. 

 

Fig. 2. Experimental observation of all-optical BKT crossover.  

Shown is the number of new vortices at the output as a function of 

input spatial correlation length.  The interaction strength changes the 

creation rate, but not transition point, of the process. 
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Correlated photon fluctuations at the onset of first-order 

optical coherence 

Patrick A. Folkes 

Army Research Laboratory, 2800 Powder Mill Road, Adelphi MD 20783 

Since the fundamental properties of the onset of optical coherence in semiconductor lasers and excitonic 

photoluminescence (PL) are qualitatively similar, the investigation of lasers at/near threshold provides 

insight into photon fluctuation characteristics at the onset of optical coherence in excitonic PL. We report 

the observation of correlated photon fluctuations
1
 over a narrow range of current at threshold of an 

interband cascade laser using single-detector photon noise measurements. The correlated photon noise is 

manifested by large fluctuations in the low-frequency photon noise spectral density at certain frequencies 

that are sensitive to the laser gain as shown in Fig. 1. We observe the concurrent emergence and growth 

of the lasing mode indicating that the correlated photon noise provides evidence of the occurrence of a 

change in the photon fluctuation statistics and the onset of first-order coherence in the laser emission at 

threshold. Our results show that over a narrow range of current at threshold the first-order coherent cavity 

electric field generates large correlated photon fluctuations in the lasing mode and other Fabry-Perot 

modes that are dipole-coupled to the electric field. This indicates that correlated photon fluctuations play 

a fundamental role in the build-up and redistribution of optical energy in the cavity Fabry-Perot modes at 

the onset of stimulated emission.  

We observed
2,3

 photocurrent-induced correlated fluctuations in PL intensity (see Fig.  2), anomalous 

excitonic PL and a fast long-range transport of excitation energy
4
 in the PL from excitons which coexist 

with a two-dimensional electron gas in a single heterojunction quantum well (SHQW). These 

observations suggest the occurrence of an excitonic phase transition.     

 

Fig. 1. Laser photon noise spectral density.                Fig. 2. Observed SHQW PL spectra. 

[1]P. Folkes, J. Phys. B 43, 245401 (2010). [2] P. Folkes et. al, Phys. Rev. Lett. 71, 3379 (1993). [3] P. 

Folkes J. Luminescence115, 104 (2005) [4] P. Folkes and Y. Liu Phys. Rev. B 78, 193304 (2008).  
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Bell Inequalities and Experimental Tests 
Edward S. Fry 

Physics & Astronomy Department, Texas A&M University 

Abstract 

There was great excitement during the early years of the development of quantum 
mechanics (QM); but, imbedded in this excitement was a deep-seated concern among 
some (especially Einstein) regarding the lack of precise predictions for single 
microscopic events.  Einstein was a proponent of the argument that QM was an 
incomplete theory, that it was missing variables that would make precise predictions 
possible.  Discussions were philosophical for 3 decades until John Bell proved that any 
theory satisfying “locality” and that “completed” QM in the Einstein sense would 
produce statistical predictions that must satisfy an inequality.  He further showed that 
the statistical predictions of QM could violate that inequality.   

Clauser, Horne, Shimony, and Holt proposed testing the Bell inequality using the 
linear polarization correlation between two photons in an atomic cascade.  Clauser and 
Freedman did the first experiment (1972) using a cascade in 40Ca; they found agreement 
with QM predictions and violation of the inequality.  The second experiment (1973) 
was by Holt and Pipkin using a cascade in 198Hg; their data satisfied the inequality and 
disagreed with the QM predictions.  With conflicting results, Clauser set out to repeat 
the Holt and Pipkin experiment with the same cascade but in 202Hg; simultaneously, Fry 
set out to do an, in principle, more robust experiment based on a different cascade in 
200Hg.  Both of these experiments (1976) found agreement with QM predictions and 
violation of the inequality.  Because of a laser excitation scheme, Fry’s experiment had 
significantly higher data rates and a definitive violation of the Bell inequality was 
observed in 72 minutes as compared to 100’s of hours in the previous studies.  Fig. 1 
shows the polarization correlation data of Fry and Thompson.  The last of these early 
pioneering experiments (1981, 1982) were by 
Aspect, Grangier, and Roger using laser 
excitation of 40Ca; they also found agreement 
with QM predictions and violation of the 
inequality.  Two loopholes remain - detector 
efficiency and enforcing locality.  Aspect 
was the first (1982) to enforce locality; and 
both loopholes have now been closed but not 
simultaneously.  Fry’s original experiment will be discussed and a new experiment that 
will close both loopholes is described; it involves spin correlations between the nuclei 
of two 199Hg atoms.  It is an exact experimental realization of Bohm’s version of the 
Einstein-Podolsky-Rosen gedankenexperiment. 
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Motion creates and degrades entanglement

Ivette Fuentes, David E. Bruschi, Andrzej Dragan, Antony Lee, and Jorma Louko
School of Mathematical Sciences, University of Nottingham,
University Park, Nottingham NG7 2RD, United Kingdom

(Dated: December 7, 2011)

Understanding if motion or gravity affects entan-
glement is fundamental to the possible integration
of quantum theory with relativity and could be rel-
evant in the implementation of new quantum infor-
mation technologies such as quantum cryptography
and teleportation which are currently under inves-
tigation in space-based scenarios [1]. In this talk
we show employing a quantum optical setting that
non-uniform accelerated motion can generate or de-
grade entanglement and that especial trajectories
can be tailored to produced highly entangled two-
mode squeezed states. We learned from the equiv-
alence principle that there is a correspondence be-
tween uniform acceleration and an uniform gravita-
tional field therefore, our results suggest that gravi-
tational effects could produce entanglement.

Finding suitable ways to store and process infor-
mation in a quantum and relativistic setting is a
main goal in the field of relativistic quantum infor-
mation. Recently, uniformly accelerated cavities [2–
4] have been introduced with this purpose. Entangle-
ment between the modes of an inertial and uniformly
accelerated cavity can be generated by their interac-
tion with a point-like system which emits an excita-
tion while flying through the cavities. A scheme for
generating this type of entanglement was introduced
in [2]. Once the entanglement has been created be-
tween the cavity modes it remains constant as long as
the motion of the first cavity remains inertial and the
second cavity in uniform acceleration. In this talk
we show that the entanglement can be degraded if
the cavities follow more general trajectories [3]. The
degradation of entanglement is quantified in the case
one cavity remains inertial and the second acceler-
ates for a finite amount of time. This result serves
as a building block to quantify the degradation of
entanglement for more general trajectories.

The degradation of entanglement between cavities

is due to the generation of entanglement between the
modes of the accelerating cavity. When the cavity
moves there is a mismatch between the vacuum at
different times giving rise to the creation of particles
which populate the modes [5]. In general the en-
tanglement generated between cavity modes is low
however by accelerating and deceleration the cavity
in a periodic way it is possible to generate highly en-
tangled two-mode squeezed states. These entangled
states are produced when the frequency of the cav-
ity’s oscillation is in resonance with the sum of the
two lowest cavity mode frequencies. We show that
this holds in the massless and massive case and find
an analytical expression for entanglement at reso-
nance which shows that entanglement grows linearly
with the number of oscillations.

η
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FIG. 1: Cavity trajectories in Minkowski space. Alice’s
cavity remains inertial. Rob’s cavity is inertial in re-
gion I, accelerates in region II and is again inertial in
region III. The figure shows the prototype case where
Rob’s acceleration is to the right and uniform through-
out region II, and η̄ is the duration of the acceleration in
Rindler time.

[1] P. Villoresi et al., New J. Phys. 10, 033038 (2008);
C. Bonato et al., New J. Phys. 11, 045017 (2009).

[2] T. G. Downes, I. Fuentes, and T. C. Ralph, Phys.
Rev. Lett. 106, 210502 (2011).

[3] D. E. Bruschi, J. Louko, and I. Fuentes,
(arXiv:1105.1875).

[4] N. Friis, A. R. Lee, D. E. Bruschi, and J. Louko,
(arXiv:1110.6756).

[5] N. D. Birrell and P. C. W. Davies, Quantum Fields
in Curved Space (Cambridge University Press, 1982).
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Hybrid meta-atoms

Ildar Gabitov

University of Arizona, 617 N. Santa Rita, Tucson, AZ 85721 and
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Andrei Maimistov

National Research Nuclear University, 31 Kashirskoe Sh., Moscow, 115409, Russia

Recent progress in metamaterial fabrications has lead to experimental demonstration of artificial atoms 
with unique characteristics.  We consider resonance interaction of the electromagnetic field with a system 
of  hybrid  metallic  structures  containing  optically  active  materials.  In  particular,  we  describe  
characteristics of optical pulses in metamaterials with coherent loss compensation.    
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Exploring the spatio-temporal correlation of twin photons  
via sum-frequency generation 

A. Gatti1,2, E.Brambilla2,O. Jedrkiewicz2, P. Di Trapani2 and L.A. Lugiato2 

 (1) IFN-CNR (2) Dept. Of Physics and Mathematics, Insubria University, Via Valleggio 11,  Como, Italy 

The entangled photon pairs produced by parametric down-conversion (PDC) are the key elements for several 
quantum communication and metrology schemes. Crucial to these applications is the ability of tailoring their 
spectral properties. In particular, several methods to generate ultra-broadband biphotons have been recently 
developed,  based e.g on the engineering of the nonlinear medium [1] or of the pump [2].   
Our approach relies on the peculiar X-shaped geometry of the spatio-temporal PDC entanglement (X-
entanglement), theoretically outlined in [3,4]. Due to the intrinsical non-factorability of the correlation of 
twin photons in space and time, we predict the possibility of manipulating their temporal entanglement by 
acting on the spatial degrees of freedom, and in particular of achieving an extreme relative temporal 
localizations of twin photons - in the femtosecond range- when their near-field positions are resolved.  

After reviewing the key aspects of the X-entanglement of twin photons, we discuss a scheme to detect 
their correlation by the inverse process of sum frequency generation (SFG), and we report about the 
experimental observation of an ultra-narrow temporal correlation  (6.7 fs FWHM ) of the twin beams 
produced by a BBO type I crystal. The temporal correlation profile is measured by introducing a controlled 
temporal delay between twin beams (Fig.1), and then imaging the PDC light onto a second SFG crystal, that 

acts as an ultrafast correlator. The key features that differentiate our setup with respect to other 
implementations [5,6] are:  i) an achromatic imaging of PDC light onto the SFG crystal is realized by 
parabolic mirrors, which avoids the detrimental effects of dispersion; ii) a huge temporal bandwidth (~600 
nm)  is collected by the SFG crystal; ii) we realize a careful 4-f imaging of a broad spatial bandwidth of the 
PDC light, which is able to preserve the compensation of dispersion by diffraction into the nonlinear media, 
as imposed by phase matching.  
 These features permit to preserve the phase conjugation of twin photons over a huge bandwidth, enabling 
thus the demonstration of their ultra-narrow temporal localization, the narrowest -to our knowledge- 
measured in experiments using SFG as a probe for PDC correlation.   

 
[1]  M.B. Nasr et al, Phys Rev Lett.  100, 183601 (2008)]- 
[2]  K. O’Donnel and A.B. U’Ren Opt. Lett. 32, 817 (2007);  S. Carrasco et al. Opt. Lett 31, 253 (2006)] 
[3] A. Gatti et al. , Phys. Rev. Lett.  102, 223601 (2009)  
[4] L. Caspani, E. Brambilla and A. Gatti, Phys. Rev A,  81, 033808 (2010). 
[5] B. Dayan, A. A. Friesem, and Y.  Silberberg, Phys. Rev. Lett 94, 073601 (2005), 
[6] K. A. O’ Donnel and A. B. U’Ren., Phys. Rev. Lett 103, 123602 (2009). 
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Ultra-thin plasmonic optical phased array based on phase discontinuities and application 

to the generation of optical vortex beam 
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A flat optical device that generates optical vortices with a 

variety of topological charge is demonstrated. It spatially 

modulates light beams over a distance much smaller than 

the wavelength in the propagation direction by means of 

an array of V-shaped plasmonic antennas with sub-

wavelength separation, which shapes the wavefront of 

light.  Optical vortices are shown to develop after a sub-

wavelength propagation distance from the array, a 

feature that has major potential implications for 

integrated optics.  

Traditional optical components that control the wavefront of 

light beams rely on the phase accumulated while light 

propagates in materials [1]. This concept has been extensively 

used to create a variety of optical components such as lenses, 

prisms, gratings, and spiral phase plates. Recently a method 

to control the phase and amplitude of light beams was 

demonstrated by using the concept of phase discontinuities, 

which has led to a generalization of the laws of reflection and 

refraction [2].  

In this presentation, I will present detailed experimental and 

theoretical study of single- and doubly charged vortices 

generated with our optical phased arrays and I will 

demonstrate that the phase profile is controlled over a sub-

wavelength propagation distance. Using the concept of phase 

discontinuities, we have achieved independent control of the phase and the amplitude for a state of polarization 

orthogonal to the incident polarization. Our experiments, in excellent agreement with simulations, show that optical 

vortices with different orbital angular momentum can be created when conventional Gaussian beams traverse an 

interface that imprints a screw-like phase profile on the incident beam. The concept of phase discontinuity 

introduced in [2] opens the door to the development of ultra thin and integrated photonics devices. We envision 

creating reconfigurable spatial light modulators by using materials whose optical properties can be tuned by means 

of external excitations. 

[1] M. Born, E. Wolf (7th ed.) “Principles of Optics” (Cambridge University Press, 1999), Cambridge.                    

[2] N. Yu, P. Genevet, M. A. Kats, F. Aieta, J.P. Tetienne, F. Capasso, Z. Gaburro, Science, 334, 333, (2011). 

    

 
 

Experimental Setup 

 A normally incident beam from a quantum 

cascade laser is separated into two beams 

by a beam splitter to form an 

interferometer. The first beam is focused 

onto the optical phased array interface, 

which is patterned with an azimuthal 
distribution of eight types of plasmonic 

antennas to create a vortex beam.The 

interference between the vortex beam and 

the reference Gaussian beam wavefronts is 

spiral-shaped, which gives rise to a spiral 

intensity pattern on the camera. 
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Ultra-sensitive force detection with optically-cooled and trapped nanospheres 

Andrew A. Geraci1, Scott B. Papp2, and John Kitching2 
1Department of Physics, University of Nevada, Reno, NV 89557 

2Time and Frequency Division, National Institute of Standards and Technology, Boulder, CO 80305 

ageraci@unr.edu, scott.papp@nist.gov, john.kitching@nist.gov 

 

First studied by Ashkin and coworkers in the 1970s [1], there has recently been interest in extending the 
regime of optical trapping and cooling of dielectric particles in a high-vacuum environment [2].  In ultra-high 
vacuum, the center-of-mass motion of optically trapped sub-micron-sized dielectric spheres is well decoupled from 
its surroundings, making these systems excellent candidates for ground state cooling and studies of quantum 
coherence [3].  In addition, optically levitated and cooled mechanical systems have the potential to behave as 
sensitive force detectors.   

High force sensitivity resonant sensors have typically consisted of solid-state micro-fabricated structures [4], for 
example cantilever beams or membranes.   In these systems, the internal materials losses and clamping mechanisms 
are responsible for limiting the quality factor of the oscillator to typically below Q~107.   For force detection, it is 
desirable to have minimal dissipation, as the minimum detectable force due to thermal noise scales as Q-1/2.  It can 

be expressed as Fmin  = [4kkBTb/(Q)]1/2, where b is the bandwidth of the measurement, T is the effective 

temperature of the mode under consideration,  is its resonance frequency, and k is the spring constant.  In ultra-
high vacuum, the center-of-mass motion of optically levitated micron-sized dielectric spheres and could exhibit Q 
factors approaching 1012, leading to force sensitivity well below 1 aN/Hz1/2.  Such force sensors may be useful to 
characterize short range forces such as Casimir forces.  In addition, they can be used to test for deviations from 
Newtonian gravity at micrometer length scales [5], as predicted by several recent theories.   

We are constructing an apparatus to trap and cool silica spheres of diameter 300 nm in a combined dipole-cavity 
trap.  The beads will be trapped in an anti-node of the cavity trapping light and cavity-cooled using a second laser.  
To evaluate their utility as resonant force sensors, the quality factor of the center of mass oscillations will be 
determined as a function of pressure from ambient pressure down to ultra-high vacuum. Cavity cooling of a nano-
bead towards its ground state will be explored.  While the force sensitivity does not generally improve with cavity 
cooling or active feedback cooling, the cooling is necessary to mitigate the effects of heating due to the recoil of 
scattered trap laser photons.   In addition, cooling is essential to damp the oscillator so that motion due to 
perturbations can ring-down on reasonably short time scales for experiments. By trapping a sphere in an anti-node 
close to an end-mirror of the cavity, Casimir forces due to the end-mirror can be measured as a frequency shift of the 
oscillator, and non-Newtonian gravity-like forces can be measured by monitoring the displacement of the sphere as a 
mass is brought behind the cavity mirror. The technique we describe could potentially extend the search for non-
Newtonian gravity by several orders of magnitude at the micron length scale. 

References 
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Radiation field of the quantum free-electron laser

Enno Giese∗, Rainer Endrich∗, Paul Preiss∗†, and Wolfgang P. Schleich∗

∗Institute of Quantum Physics, Ulm University, D-89069 Ulm, Germany
enno.giese@uni-ulm.de

†Helmholtz-Zentrum Dresden-Rossendorf, D-01314 Dresden, Germany

Abstract.

Free-electron lasers (FELs) are a class of coherent light sources in focus of today’s research.
Many areas of science benefit from their unique properties, such as coherence or widely ranged
tunability. In contrast to conventional lasers, there are no restrictions given by the atomic
energy structure of bound electrons in an active medium, and this is why these type of light
sources are called free-electron lasers.

The predictions from classical theory match the experimental results extremely well. So
the usual classical approach is sufficient to understand FELs’ principles of operation.

Currently the question has been raised whether it is possible to operate FELs in a regime,
where quantum effects are of importance and cannot be neglected. The electron’s recoil due
to the scattering with a light wave has to be included in such a regime. Of course, there have
been many approaches to include such effects1,2.

A general quantum description of FELs in a special frame has been known for a long time3.
Unfortunately, it leads to a model for which the time evolution cannot be solved analytically.
Hence, previous approaches4 used perturbation theory to face this problem.

In contrast to conventional perturbation theory we will introduce an alternative model of
the FEL in the quantum regime. This brings us closer to understand the definition of this
regime.

Our model will be an effective two-level system, where the interaction takes place between
two intervals in momentum space. As quantum physics limits the electron to discrete energy
levels of an atom in conventional laser physics, the interaction in the quantum regime of an
FEL is restricted to resonances in the electrons’ momenta, i. e. the kinetic energy. Stimulated
emission between those levels in kinetic energy is found analogously to conventional laser
theory.

This simple model makes it possible to find the time evolution of the radiation field. We
find a steady state due to the nonlinearity of the system and see that some properties are
different compared to the classical case, such as the narrowing of the linewidth in the quantum
regime.

1W. Becker, M. O. Scully, and M. S. Zubairy, Quantum statistical properties of radiation in a free-electron
laser, in L. Mandel and E.Wolf, editors, Coherence and Quantum Optics V, (Plenum Press, New York, 1984).

2R. Bonifacio and F. Casagrande, Classical and quantum treatment of amplifier and superradiant free-
electron laser dynamics, J. Opt. Soc. Am. B 2,250 (1985).

3A. Bambini and S. Stenholm, Quantum description of free electrons in the laser, Opt. Commun. 30, 391
(1979).

4W. Becker and J. K. McIver, Many-particle quantum theory for a class of free-electron devices, Phys.
Rep. 154, 205 (1987).
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Detecting Emanated Field Signatures in Topological Systems 
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Bi2Se3 acts as a three-dimensional topological insulator (TI), or a material in which a single Dirac cone 
exists along the surface and the bulk is gapped.  The surface band is topologically protected, so that 
topological deformities have no effect on conductivity as long as time-reversal symmetry is not broken.  3D 
TIs have become an area of great interest, as their spin-momentum locked surface states have potential 
application in spintronics and electronic devices.  Recent experiments have shown that the Fermi level in 
the bulk is usually pinned to the conduction band (CB) by Se vacancies, which forms a parallel conducting 
path that cannot be effectively removed by electrostatic gating [1].  In this work, we examine the possibility 
of utilizing radiated field signatures from topological insulators as a means of detecting topological 
phenomena. To this end, we perform quantum transport calculations on doped and undoped Bi2Se3 thin 
films using the Non-Equilibrium Green’s Function (NEGF) formalism to examine current flow in 
topological insulators along ideal and corrugated surfaces. We show the resulting radiated magnetic field 
provides a unique signature of topological current flow that can be realized with either SQUIDs or 
alternatively ultra-cold atom magnetic field microscopy, to measure surface-to-bulk conductance ratio [2].  
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Several quantum interference effects near plasmonic nanostructures 
Ying Gu et al. 

State Key Laboratory for Mesoscopic Physics, Department of Physics,Peking University, 
Beijing 100871, China  ygu@pku.edu.cn 

 
Plasmonic structures present the key advantage of an anisotropic electric modal density, 

which originats from collective oscillations of free electrons in metals and leads to a nanoscale 
large vacuum anisotropy. Another advantage is that evanescent fields near these plasmonic 
structures can excite single quantum emitters, enabling a nanoscale realization of atom-light 
interactions that traditional techniques cannot access. 

First, we investigate the resonance fluorescence of a two-level single molecular system 
interacting with a plasmonic nanostructure [1]. Specific regions of space are identified, where a 
balance exists between the near-field enhancement and the modification of the decay rate, such 
that the fluorescence spectrum of the molecule exhibits the Mollow triplet and the emission 
photons are antibunched. The utilization of such quantum phenomena at the vicinity of 
custom-designed plasmonic nanostructures paves the way for applications in nanoscale quantum 
devices and quantum information processing. 

Then, in the coherently trapped populations of a four-level atom, we demonstrated the 
quantum beats with different mechanism, which originate from the interference between transition 
channels with different dipole moments [2]. The beat frequency is determined by the intrinsic 
atomic parameters, i.e., the spacing of upper levels and ratio of dipole moments. The resonant 
plasmonic nanoantenna, as a candidate for the creation of anisotropic vacuum, was proposed to 
achieve the nanoscale realization of the quantum beats, spontaneous emission cancellation, and 
Rabi oscillation in two-photon correlations through the enhanced nearfield and modified decay 
rates. 

At last, the mechanism behind anisotropic vacuum control of spontaneous emission linewidths 
in a fourlevel atom is theoretically demonstrated: if the polarization angle bisector of the two 
dipole moments lies along the major/minor axis of the effective decay rate ellipse, 
estructive/constructive interference narrows/widens the fluorescence center spectral lines [3]. 
Spectral line narrowing is observed as atoms approach a metallic nanowire and linewidth 
nanoscale pulsing appears following the periodically-varying decay rates within the periodic 
metallic nanostructure. We propose a resonant plasmon nanostructure that can modify the 
linewidth, intensity, and sideband of resonance fluorescence at the nanoscale through an 
anisotropic decay rate and an enhanced near field. 
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[1] Gu Y, Huang LN, Martin OJF, Qihuang Gong, Resonance fluorescence of single molecules assisted by a 

plasmonic structure, PHYSICAL REVIEW B ,81, 193103 (2010). 

[2] Ying Gu, Luojia Wang, Pan Ren, Junxiang Zhang, Tiancai Zhang, Jing-Ping Xu, Shi-Yao Zhu, Qihuang Gong, 

Intrinsic Quantum Beats of Atomic Populations and Their Nanoscale Realization through Resonant Plasmonic 

Antenna, Plasmonics, DOI 10.1007/s11468-011-9272-x.  

[3] Ying Gu, Luojia Wang, Pan Ren, Junxiang Zhang, Tiancai Zhang, Olivier J. F. Martin, Qihuang Gong，

Plasmon-Induced Modification of Spontaneous Emission Spectrum near Metallic Nanostructures, submitted. 
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Probing valence electrons with free electron lasers 

and high harmonic generation 

Markus Guehr, PULSE, SLAC National Accelerator Laboratory, Menlo Park 

Molecules are highly intertwined systems of interacting particles in which electrons 

screen the repulsive forces between the positively charged nuclei. The ultrafast community has 

devoted much effort to investigate how nuclei move on femtosecond timescales.  I want to 

extend this frontier and address the question of why the nuclei move by studying electron 

dynamics with high temporal and spatial resolution. I will present experiments on electrons that 

utilize the femtosecond to attosecond temporal resolution and Angstrom spatial sensitivity 

available with strong field high harmonic generation (HHG) and x-ray free electron lasers. 

In HHG, an electron tunnel ionizes from an atom or molecule at the crest of a strong IR 

laser field. The electron is subsequently accelerated into the ion under emission of extreme 

ultraviolet (XUV) light. We have established that the shape of an HHG spectrum is related to the 

valence electronic structure of atoms and molecules.  Our experiments also show that the tunnel 

ionization creates a superposition of multiple ionic states and therefore an electronic wavepacket 

on the ion.  

In the second part of my talk the high spatial electronic sensitivity in soft x-ray (SXR) 

induced transitions will play a central role. The world’s first x-ray free electron laser, Stanford’s 

Linac Coherent Light Source (LCLS), gives us access to a broad range of x-ray absorption edges 

to study ultrafast dynamics in matter. I will show how LCLS can be used to study the 

photoprotection mechanism of nucleobases. Although those bases are strong UV absorbers, they 

are not destroyed nor altered by the light due to fast electronic relaxation processes. The high 

spatial and temporal electronic sensitivity of soft x-ray pulses at LCLS can give us a precise 

answer on the photoprotection details. I will show first tentative results from our LCLS 

beamtime. 

This work was accomplished with support to PULSE from the US Department of Energy, 

Office of Science, Basic Energy Science. Part of the work was funded by the Office of Science 

Early Career Research Program through the Office of Basic Energy Sciences, U.S. Department 

of Energy. 
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Figure 1.  Scattering spectra of plasmonic nanoclusters. (A) Experimental 
dark field spectra of individual structures.  (B)  SEM images of the structures 
associated with each spectrum in panel A. Scale bar is 100 nm.  (C)  
Panchromatic cathodoluminescence images for the same structures.  Arrow 
indicates polarization of the collected light. (D)  Finite difference time domain 
(FDTD) simulations of the scattering spectra for each geometry. 

 

Designing and Deconstructing the Fano Lineshape  

in Plasmonic Nanoclusters 
J. Britt Lassiter, Heidar Sobhani, Mark W. Knight,  Witold S. Mielczarek,  Peter Nordlander,   

and Naomi J. Halas

By varying the relative dimensions of the central and peripheral disks of a plasmonic 
nanocluster,[1,2] the depth of its Fano resonance (FR) can be systematically modified: spectral 
windows where the scattering cross section of the nanocluster is negligible can be obtained (Fig. 1).  
We also observe that the FR is characteristic of optical excitation of this structure. Excitation by a 
localized electron beam on 
various components of the 
structure does not result in a 
Fano resonance in the 
cathodoluminescence 
spectrum, but instead results in 
the selective excitation of the 
center disk mode or the 
peripheral ring mode of the 
complex.  This contrasting 
behavior can be understood 
through the coupling between 
the superradiant and 
subradiant modes of the 
cluster, where the contrasting 
selection rules of optical and 
e-beam excitation give rise to 
different superpositions of 
radiant modes in the 
corresponding spectra. By 
examining the selection rules 
for plasmon excitation in the 
context of a coupled oscillator 
picture, we provide an 
intuitive explanation of this 
behavior based on the plasmon 
modes observed for optical 
and electron-beam excitation in this family of nanostructures. This analysis gives new insight into 
the interplay between the subradiant and superradiant modes in coherent plasmonic systems. 

, Rice University, 6100 Main St., Houston , TX 77005-1892, USA 

 
1. Jonathan A. Fan et al., Science 328, 1135-8 (2010). 
2. J. B. Lassiter, H. Sobhani, J. Fan, Janardan Kundu, F. Capasso, P. Nordlander, and N. J. Halas,  Nano Letters 10, 

3184-3189 (2010). 
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Light scattering in dense and cold 87Rb

M.D. Havey,1 S. Balik,1 I. M. Sokolov,2 and D.V. Kupriyanov2

1Department of Physics, Old Dominion University, Norfolk, VA 23529
2Department of Theoretical Physics, State Polytechnic University, 195251, St.-Petersburg, Russia

Quantum optics in ultracold and high-density, but non quantum degenerate, atomic gases is a little
explored and promising area of research. Studies of quantum hologram creation in diffusive and optically
dressed samples, enhanced molecule formation, and ultracold plasma physics in the strongly coupled regime
are intriguing areas of current activity. Exploration of the role of spatial disorder on light propagation in such
systems and disorder-mediated formation and manipulation of subradiant and superradiant configurations
are also topics of considerable interest.

In this paper we present experimental results on near resonance light scattering in a cold and quite high
density gas of 87Rb atoms. The sample is prepared in a magneto optical trap loaded optical dipole trap, and
has a peak density ∼ 6 x 1013 atoms/cm3 and a temperature ∼ 60 µK. Here the F = 2 → F ′ = 3 nearly
closed hyperfine transition is studied; in this case far-off-resonance inelastic Raman transitions are weak.

We discuss two experimental geometries. In one, near-resonance radiation is directed towards the atom-
ically dense sample; observed signals arise mainly through light scattered from the outer regions of the
gas. Experimental results are compared with calculations which account for the ellipsoidal and atomically
inhomogeneous sample, and for the excitation geometry. In the second, the probe beam is spatially and
temporally overlapped with a far off resonance light shift laser, which reduces the optical depth through
the central region of the sample, allowing insertion of optical excitation, or for generation of a quasi one
dimensional configuration through the sample center.
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FIG. 1: LEFT: Broadening and shift of the F = 2 → F ′ = 3 resonance transition due to the presence of the light
shift laser. RIGHT: (a) Geometry of the experiment. (b) Distortion of the atomic sample due to light shift laser
radiation pressure. (c) Images showing regions of inhomogeneity of the sample caused by the light shift laser set at
different detunings from resonance.
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Thermal entangled quantum heat engine 
JiZhou He and JianHui Wang 

Department of Physics, Nanchang University, Nanchang 330031, China 

Quantum heat engines produce work using quantum system as the working substance 
[1-3]. Based on the first law of quantum thermodynamics, Boltzmman distribution and 
quantum entanglement, we construct a four-level entangled quantum heat engine working 
with a two-qubit isotropic Heisenberg XY chain and study the variation of the heat 
transferred, the work and the efficiency with the concurrences of the thermal 
entanglement in zero and nonzero magnetic fields.  

       

Fig.1. LEFT: Variation of the efficiency with concurrences 1c  and 2c  in an isoline map of 

efficiency for 0=B . RIGHT: Variation of the heat transferred, the work and the efficiency with 

1c  and 2c  in an isoline map of efficiency for 1=B . 

We find several interesting features. 1) The efficiency increases monotonically with the 

concurrence ratio 21 cc  at a zero magnetic field. When 121 →cc , the efficiency 

approaches Carnot efficiency. 2) Each isoline of efficiency is a loop line at nonzero 
magnetic field. It indicates that the efficiency no longer increases monotonically with the 

concurrence ratio. 3) The acceptable range of 1c  and 2c  varies with different magnetic 

fields. In a larger magnetic field, the loop lines also appear when 21 cc > , whereas in a 

smaller magnetic field it seems that only 21 cc <  is relevant. 

 

1. M O Scully, M S Zubairy, G S Agarwal and Walther H, Science 299 862 (2003); M O Scully, Phys. 
Rev. Lett. 87 220601 (2001). 

2. T D Kieu, Phys. Rev. Lett. 93 140403 (2004); H T Quan, P Zhang and C P Sun, Phys. Rev. 
E 72 056110 (2005); G Thomas and R S Johal, Phys. Rev. E, 2011, 83: 031135. 

3. W K Wootters, Phys. Rev. Lett. 80 2245 (1998). 
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External spin sensing with NV diamond 

Philip Hemmer 

Texas A&M University, College Station TX, USA 

Abstract: 

For nearly a decade, one of the main driving forces behind the development of nitrogen-vacancy (NV) 
diamond as a magnetic sensor has been for its eventual use to detect, track, and image single bio-
molecules in living cells. In particular, by mapping the location of single electron and nuclear spins of 
bio-molecules, their structure can in principle be determined in-vivo. To accomplish this difficult task it is 
imperative to first demonstrate the ability to reliably detect and probe single spins, outside of the 
diamond crystal. However, it became apparent early-on that unknown spins on the diamond surface 
would make this task difficult. In particular, NVs implanted with very low energy tended to have short 
coherence times. 

In this talk I will discuss the first successful detection of external spins using the double electron electron 
resonance pulse sequence (DEER). The advantage to this pulse sequence is that the external “dark” spin 
need not be polarized to be efficiently probed. The experiment showed that unpaired free electrons are 
present on the surface of diamond. Usually these external spins have too short a lifetime and only give 
decoherence. However sometimes, single or few external spins can be seen. That these spins are 
external to the diamond lattice is verified by modifying the surface and showing that the signals 
disappear. Finally, I will discuss recent experiments and the technical challenges that remain for 
biomolecule detection.   
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Towards More Powerful Quantum Heat Engines 

Brett Hokr 

Department of Physics, Texas A&M University, College Station, Texas 77843 

 Laser and photocell quantum heat engines (QHEs) are very similar systems when viewed 

from the standpoint of quantum thermodynamics. The laser QHE (figure 1) is pumped by hot 

photons and cooled by a lower temperature entropy sink while the photocell QHE (figure 2) is driven 

by hot photons with the ambient heat reservoir serving as the lower temperature entropy sink. The 

similarities do not stop there, both systems can have their power enhanced by a factor of two using 

coherence generated by noise-induced quantum interference. This noise-induced coherence has the 

advantage over coherence produced by an external microwave field, because it cost no energy to 

create. Researchers at Texas A&M lead by Dr. Marlan Scully have shown that the induced coherence 

can, at least in principle, enhance the efficiency of photovoltaic devices such as solar cells. 

    

Figure 1. (A) Schematic of a laser QHE. (B) Level diagram without coherence. (C) Level diagram with 

coherence. 

    

Figure 2. (A) Schematic of a photocell QHE. (B) Level diagram without coherence. (C) Level diagram 

with coherence. 

1. M. O. Scully, K. R. Chapin, K. E. Dorfman, M. B. Kim, A. Svidzinsky (2011) Quantum heat 

engine power can be increased by noise-induced coherence. PNAS 108:15097-15100 

2. M. O. Scully (2010) Quantum photocell; Using quantum coherence to reduce radiative 

recombination and increase efficiency. Phys Reve Lett 104:207701 
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Quantum measurement and orientation tracking of NV  

spin qubits in a living cell 
 

Lloyd C. L. Hollenberg 
Centre for Quantum Computation and Communication Technology,  

School of Physics, University of Melbourne, Australia. 

 
 

The nitrogen-vacancy (NV) defect centre in diamond represents an ideal single spin 
quantum system for use in biology. It possesses a broad absorption band from 512-560 nm, 
sustained fluorescence from 630-750 nm, is chemically inert and bio-compatible. These 
defect centres have been used as highly stable fluorescence beacons to track the position 
and diffusion of diamond nano-crystals in vitro [1,2] and in vivo [3].  Recent experimental 
demonstrations [4] of nanomagnetometry using these single spin systems create 
opportunities for new applications in biology [5]. In this talk, we explore the viability of 
diamond-based nanobiomagnetometry applications and report recent results on the full 
suite of quantum control and measurement protocols on NV-nanodiamonds in a living 
HeLa cell, and demonstrate the enhancements that the quantum properties enable for 
orientation tracking in the intra-cellular context [6]. 
 
 
 
[1] F. Neugart et al. Nano Letters 7 3588 (2007)   
[2] Y.R. Chang et al. Nat Nano 3 284 (2008) 
[3] N. Mohan et al.  Nano Letters 10 3692 (2010) 
[4] J. Maze et al. Nature 455 644 (2008), G. Balasubramanian et al. Nature 455 648 (2008) 
[5] L. Hall et al. Proceedings of the National Academy of Sciences 107 18777 (2010) 
[6] L. P. McGuinness et al., Nat. Nanotech. 6 358363 (2011) 
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Mutual Information of Momentum-Position Entangled Photons 
 

P. Benjamin Dixon, Gregory A.Howland, James Schneeloch and John Howell 
Dept. of Physics and Astronomy, University of Rochester, Rochester NY 14627 

 
 The high dimensionality of transversely and longitudinal entanglement offers the 
potential for increased channel capacity in quantum networks.   We characterize the 
entanglement of transversely entangled states by considering the mutual information of 
various levels of discretization of the transverse space.  We show that as the 
discretization size becomes smaller the mutual information reveals the Schmidt number 
of the entangled system.   Owing to the entanglement, the mutual information is the same 
in any set of correlated bases, such as momentum and position.  We show that the mutual 
information exceeds 7 bits in both the momentum and position basis (see figure below). 
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Three and Four-Body Efimov States in an Ultracold Atomic Gas 

 

Randall G. Hulet, Scott E. Pollack, and Daniel Dries 

Department of Physics & Astronomy and Rice Quantum Institute 

Rice University, Houston, TX 77005 

 

 

We have observed the presence of weakly-bound three and four-body Efimov molecules in an 

ultracold gas of trapped lithium-7 [1].  Their presence is manifested in the rate of inelastic 

collisons that produce a detectable loss of atoms from the trap.  Efimov molecules can only 

exist near a two-body scattering resonance, where the s-wave scattering length is much larger 

than the characteristic length scales of the two-body potential.  This universal regime is 

characterized by extrordinarily small binding energies (~1 neV) and large molecular sizes 

(~100 nm).  Efimov molecules can be accessed experimentally in ultracold atomic gases by 

using a magnetically-tuned Feshbach resonance, which enables the scattering length to be 

varied over many orders of magnitude [2].  We have identified two Efimov trimers and four 

associated four-body tetramers in lithium.  Efimov molecules are predicted to occur in an 

infinite series, whose relation are given by a discrete scale invariance.  The experimental 

relations between Efimov states will be compared with those given by universal theory. 

 

[1]  S. E. Pollack, D. Dries, and R. G. Hulet, Science 326, 1685 (2009). 

[2]  S.E. Pollack et al, Phys. Rev. Lett. 102, 090402 (2009). 
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Strong Field Ionization Imaging of Valence Electron Dynamics

in Molecules

A. Jaron-Becker
JILA and Department of Physics, University of Colorado, Boulder, CO 80309-0440, USA

One of the goals for strong field physics is application ultrashort pulse for imaging of the dynamics of
quantum systems. For exmaple in case of molecules, there is strong interest in real-time imaging the
details of chemical reactions for example of the electron rearrangement during such reaction.
Strong field ionization has long been proposed to map the shape of the ionizing electronic orbitals [1,2].
Signatures of molecular orbital symmetry and molecular orientation can be found in the photoelectron
energy spectra and angular distributions as well as the total ionization rates and yields for laser-induced
ionization of molecules. Figure 1 shows example of results for orientation dependent ionization rates
for HOMO (πu, solid line) and HOMO-1 (σu, dashed line) orbitals of C2. Since the πu-orbital has a
nodal plane along the internuclear axis, the ionization as a function of orientation angle has a minimum
for the case when the molecule is aligned along the laser polarization direction (cf. solid line). It is
more difficult to ionize the molecule when the polarization of the laser field lies in the nodal plane of
the electron density. In case of a πu-orbital with the internuclear axis aligned along the polarization
direction the interference between the partial electron waves along the polarization axis is destructive
and the emission of the electron is strongly suppressed, which leads to the minimum in the total ionization
rate.

Figure 1: Left: HOMO (πu). Center: HOMO-1 (σu) isosurfaces for C2. Right: Comparison of alignment
dependent rates of ionization from HOMO (solid line) and inner valence orbital HOMO-1 (dashed line)
of C2.

Angular dependent ionization yields strongly depend on the nature of the orbital that has been ionized.
Therefore for the dissociating molecule we are interested how the dynamical rearrangement of electrons,
which influences the eletronic wavefunction properties and consequently the ionization, is mapped into
properties of the alignment dependent ionization and photoelectron angular distributions. We have per-
formed calculations for two diatomic molecules, namely N2 and Br2. We present analysis of ionization
dependence on orientation of molecular axis with respect to polarization of the electric field of the laser as
well as photoelectron angular distributions and how these observables can provide information about this
simplest chemical reaction. Our calculations show how different possible experimental setups can yield
different results. For bromine our calculations are strongly related to the experimental setup described
in the paper [3], where only products of the dissociation are detected and only processes corresponding
to positive kinetic energy release have to be considered. Furthermore theoretical results strongly depend
on electronic properties of the molecule and therefore also on the properties of the electron rearrange-
ment for a given reaction. We illustrate this, considering dissociation of nitrogen molecule, assuming
experimental setup similar to the one from bromine experiment [3].
The author would like to acknowledge funding from National Science Foundation (award PHY-1068706).

[1] A. Jaron-Becker, A. Becker and F.H.M. Faisal, Physical Review A vol. 69, pp. 023410 (2004)
[2] A. Jaron-Becker IEEE Volume: PP Issue:99, pp 1 - 8 (2011)
[3] W. Li, A. Jaron-Becker, C. W. Hogle, V. Sharma, Xibin Zhou, A. Becker, H.C. Kapteyn and M.M.
Murnane, PNAS, vol. 107, pp. 20219-20222, (2010)

Speaker: Agnieszka Jaron-Becker
Session: Attosecond Lasers
Schedule: Thursday Morning Invited Session 1

PQE-2012 115



	  	  
Probing	  the	  motion	  of	  a	  mechanical	  resonator	  using	  a	  single	  spin	  

qubit	  in	  diamond	  
	  
Ania	  C.	  Bleszynski	  Jayich1,	  Shimon	  Kolkowitz2,	  Quirin	  Unterreithmeier2,	  Steven	  D.	  

Bennett2,	  Peter	  Rabl3,	  	  J.G.E.	  Harris4,	  and	  Mikhail	  D.	  Lukin2	  
	  

1Department of Physics, University of California Santa Barbara 
 2Department of Physics, Harvard University 

3Institute for Quantum Optics and Quantum Information of the Austrian Academy of Science 
4Departments of Physics and Applied Physics, Yale University 

	  
We	  use	  a	  single	  spin	  associated	  with	  the	  nitrogen	  vacancy	  (NV)	  center	  in	  diamond	  to	  
detect	  the	  motion	  of	  a	  nearby,	  magnetized	  mechanical	  resonator.	  Nitrogen	  vacancy	  
(NV)	   centers	   in	   diamond	   have	   been	   demonstrated	   to	   be	   sensitive	  magnetometers	  
with	  high	  resolution	  and	  room	  temperature	  operation.	  We	  utilize	  coherent	  control	  
over	   the	   NV	   center	   to	   increase	   our	   sensitivity	   to	   the	   cantilever	   motion,	  
demonstrating	   detection	   of	   the	   cantilever’s	   Brownian	   motion	   at	   the	   picometer	  
length	   scale.	   This	   NV	   center	   –	   mechanical	   resonator	   assembly	   is	   a	   promising	  
platform	  for	  hybrid	  quantum	  systems.	  
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Coherence Enhanced Asymmetric Backward and

Forward Gain
Pankaj K. Jha, Anatoly A. Svidzinsky, and Marlan O. Scully

Texas A&M University, College Station, TX 77843, USA
Princeton University, Princeton, New Jersey 08544, USA

†pkjha@physics.tamu.edu

Abstract: We study the effect of a coherent drive on transient lasing with inversion in three-
level Λ and Ξ configurations (c ↔ a ↔ b). We show that the presence of a resonant coherent
drive on the a ↔ c optical transition can yield substantial enhancement of the output laser
energy on a a → b XUV or X-ray transition. We demonstrate the crucial role of coherence �ac

for this laser power enhancement. Contrary to the forward direction, where forward gain can
be enhanced for some choice of Ωc, coherent drive on the ac transition always suppresses the
backward gain.

In last decades there is much interest in developing XUV and X-ray coherent sources which is expected
to have a profound impact on the studies in many fields such as crystallography, and condense matter, in
general, and high resolution microscopy of biological elements, in particular. There are several methods for
producing extreme ultra-violet lasing: for example, using a capillary discharge [1], a free-electron laser [2],
optical field ionization of a gas cell [3] or plasma-based recombination lasers [4,5]. Our goal is to investigate
the extent to which coherence effects can help in making shorter wavelength lasers.
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Fig. 1. Ratio of the output energy to the input energy of the probe laser pulse as a function of the driving
field Rabi frequency Ωc.The ratio is ∼ 2.7 × 104 at Ωc = 0. (b) Square of the output probe pulse Ωb/γb as
a function of time for optimal sample length L = 102.21µm with (solid line) and without (dashed) coherent
drive field Ωc. In numerical simulations we take γc = 1.83 × 10−5γb, η/γb = 19353 cm−1 and assume
Gaussian initial probe pulse shape. The length of the sample is L = 102.21µm, while the initial populations
are �aa(0) = 0.9, �bb(0) = 0.1, �cc(0) = 0 and �ac(0) = �ab(0) = 0. (b) Energy level diagram fro Helium-like
Carbon with parameters.
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Ultralow-Power Local Laser Control of the Dimer

Density in Alkali-Metal Vapors

Pankaj K. Jha, Konstantin E. Dorfman, Zhenhuan Yi, Luqi
Yuan, Vladimir A. Sautenkov, Yuri V. Rostovtsev, George

R. Welch, Aleksei M. Zheltikov, and Marlan O. Scully
Department of Physics, Texas A&M University, College Station, TX 77843-4242
Tel: 979-458-1528; Fax: 979-458-1235; E-mail Address: pkjha@physics.tamu.edu

Abstract: Ultralow-power diode-laser radiation is employed to induce photodesorption of ce-
sium from a thin-film cesium adsorbate on a solid surface. Using resonant Raman spectroscopy,
we demonstrate that this photodesorption process enables an accurate local optical control of
the density of dimer molecules in alkali-metal vapors.

Several elegant techniques have been proposed to control the densities of the atomic and molecular fractions
in alkali-metal vapors. In particular, Lintz and Bouchiat [1] have demonstrated the laser-induced destruction
of cesium dimers in a cesium vapor through a quasiresonant process assisted by collisions of Cs2 molecules
with excited-state cesium atoms. Thermal dissociation of cesium dimmers in cesium vapor cells have been
studied by Sarkisyan et al. [2]. In a recent experiment, Karaulanov et al. [3] have implemented a control of
the atomic vapor density in paraffin-coated cells using light-induced atomic desorption.

In this work, we extend the laser-induced desoprtion technique to ultralow laser powers and use resonant
Raman spectroscopy to demonstrate that light-induced desoprtion at ultralow laser powers enables an ac-
curate local control of the density of dimer molecules in alkali-metal vapors. Our experimental strategy is
based on studying the optical response from Cs vapor (dimer) in the presence of a thin metal film of Cs
atoms on a glass window of a closed cell using continuous wave laser at milli-watt power.
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Fig. 1. (Color online). (a) Plot of intensity of the backscattered radiation (in arbitrary units). (b) Plot
of the intensity of the Raman peak at 796.16nm against pump power for three different choices of the cell
temperature in the presence of the film. Here curves I, II and III corresponds to cell temperature Tc=513K,
526K and 543K respectively.

In our experiment we observed that at Tc = 543K and P ∼ 8.5mW, the number density of the Cs dimers is
∼ 6 times more than when we do not have any contribution due to photodesorption.

References

1. M. Lintz and M. A. Bouchiat, Phys. Rev. Lett. 80, 2570 (1998).
2. D.H. Sarkisyan, A.S. Sarkisyan, and A.K. Yalanusyan, Appl. Phys. B 66, 241244 (1998)

3. T. Karaulanov, M. T. Graf, D. English, S. M. Rochester, Y. J. Rosen, K. Tsigutkin, D. Budker, E. B. Alexandrov, M. V.
Balabas, D. F. Jackson Kimball, F. A. Narducci, S. Pustelny, and V. V. Yashchuk, Phys. Rev. A 79, 012902 (2009)

Speaker: Pankaj K. Jha
Session: Poster Session
Schedule: Poster Session

PQE-2012 118



Bell’s Theorem -- Early formulation and experimental tests:

John F. Clauser
J.F. Clauser & Assoc., 817 Hawthorne Drive, Walnut Creek, CA 94596, USA

The original aim of Bell’s original 1964 paper was to provide a “proof” that quantum mechanics 
(QM) is a “complete” theory that cannot be explained via deterministic “hidden variables”. 
Clauser, Horne, Shimony, and Holt (CHSH) in 1969 showed that Bell’s theorem can be extended 
to provide specific experimental predictions to test between QM and a hidden explanation of 
natural phenomena. CHSH also offered supplementary assumptions that allow tests to be 
performed with available technology. In 1974, Clauser and Horne (CH) extended the Bell-CHSH 
proofs to show that QM can be tested against local realism, with or without determinism. CH also 
showed that loophole-free experimental tests are possible, and offered weaker supplementary 
assumptions to allow tests with available technology. Shimony, Horne, Clauser, and Bell in 1976 
further included the experimenter’s free will as a necessary requirement. The first generation 
experiments by Freedman and Clauser (1972), Clauser (1976), and Fry and Thompson (1976) 
were the two-photon experiments suggested by CHSH and CH. Thereby QM survived 
experimental testing, using the CH and/or CHSH supplementary assumptions. In 1982, Aspect et 
al. added an additional four-detector normalization assumption (beyond the CHSH and CH 
assumptions) and used it to perform an experiment that plugged one of the loopholes left by the 
first generation experiments, i.e. the non-local communication loophole. In 1974, Clauser realized 
Schrödinger’s beam-splitter Gedankenexperiment. Using the Titulaer-Glauber formalism for 
classical electromagnetic field statistics, that experiment first confirmed that photons can and do 
behave like localized particles at a beam-splitter. It thereby significantly narrowed the range of 
viable Bell’s theorem-test counterexamples. It also first demonstrated a violation of the Schwarz 
inequality, and provided the first observation of sub-Poissonian statistics for photons.
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Theory of LO-phonon-assisted control of cavity-QED

Julia Kabuss1, Alexander Carmele1, Andreas Knorr1, and Weng W. Chow2
1Inst. für Theoretische Physik, TU Berlin, Hardenbergstr.36 EW 7-1, 10623 Berlin, Germany

2 Sandia National Laboratories, Albuquerque, NM 87185-1086, USA

Currently, there is great interest in controlling the lightemission statistics of nanostructured devices. Candidates
suitable as quantum light emitters are semiconductor quantum dots (QDs), as they have atom-like emission
characteristics. In contrast to the atom case, they also exhibit typical semiconductor emission properties, often
characterized by strong electron phonon interactions, which result in additional emission features [1]. In many
cases, it is preferable to eliminate those semiconductor effects as much as possible. In others, however, the
additional many particle interactions can be of great advantage, when controlling the quantum emission of a
QD.
The system is modeled on a microscopic level regarding the exciton-photon as well as the exciton-phonon inter-
action. Using an inductive equation of motion method [2], higher order correlations, in particular regarding the
phonon system, are incorporated. Here, we focus on the quantum emission of a cavity-coupled semiconductor
QD, where the additional electron-LO-phonon coupling introduces the possibilty to control the photon statistics
in the cavity [Fig. 1 (left)]. Using cavity deunings with respect to the QD transition and pumping the system
incoherently, the phonon statistics can be changed in different ways. The interplay of puming, exciton photon-
and phonon interaction, does not only affect the light emission statistics but also the state of the phonon system.
Figure 1 (right) shows the excitonic population, the photonnumber and the phonon number, for a blue detuned
cavity modeωcav = ωQD + ωLO. Due to the incoherent pump and an assumed cavity lossκ , the photon density
gets only very little populated. This is due to the fact, thatthe electronic system is continuously pumped into
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the excited state. This makes the phonon absorption process, leading to an inverse cavity feeding [3], even
more efficient. But, eventually there are no phonons left in the system, and the absorption process is no longer
possible. That means no photons are emitted anymore and simultaneously, the phonon system has been cooled
down noticeably [inset to Fig. 1b].
This external control of the photon statistics via incoherent pumping, taking advantage of the presence of LO-
phonons could be useful for many applications, where eitherthe photon- or the phonon states are to be modeled,
i.e., nanodevices, information processing, phonon engeneering etc.
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Random Lasing with Cold Atoms

R. Kaiser1

1Institut 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 studied how to combine gain and scattering
in a dilute cloud of cold atoms. Such systems have different properties from
most random lasers studied so far and a detailed analysis of atomic properties
is required for a pertinent interpretation of experimental observations. We have
chosen hyperfine Raman gain as the amplifying mechanism. Additional scatter-
ing has been added by tuning the pump frequency close to an atomic transition,
which does not affect our gain scheme, but which allows for considerable en-
hancement of multiple scattering of the random laser photons.

In this talk I will present our experimental results, which can only be un-
derstood by an interplay between gain and multiple scattering.

Fluoresence of an atomic cloud below (b0 = 1.9) and above (b0 = 27) the
random lasing threshold. Region (I) corresponds to an optical pumping domi-
nated regime, region (II) to hyperfin Raman gain and region (III) to combined
gain and scattering.
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Ultrafast X-ray Science @ 25: Capturing Dynamics in 
Molecules and Materials using Ultrafast Coherent X-Rays 

 
Henry C. Kapteyn and Margaret M. Murnane 

Department of Physics, JILA, and NSF ERC in EUV Science and Technology, University of Colorado and NIST, Boulder, CO 80309 
E-mail: Henry.Kapteyn@Colorado.edu 

The discovery of x-rays made possible not-only new medical technologies, but also allowed man to “see” for the 
first time at the atomic scale, revolutionizing our understanding of matter. Using element-specific absorption edges, 
soft x-rays can provide elemental, spin and chemical site-specific information. Efforts to bring x-ray techniques into 
the realm of femtosecond time-scales—the fundamental “atomic” time scale— have now been ongoing for 
approximately the past ¼ century, and have brought new insight into the behavior of matter, at the truly fundamental 
time-scale for atomic interactions. Ultrafast high harmonic (HHG) x-rays can probe the fastest charge, spin and 
energy transport in molecular and materials systems relevant to function at the nanoscale. 

Understanding the correlated motions of electrons and nuclei lies at the heart of chemistry. In molecular systems, 
the sudden removal of an electron after irradiating a molecule with a short burst of x-rays will initiate radiation-
induced femtochemistry, by creating super-excited states of the molecular ion. In recent work, we used few-fs HHG 
and laser pulses to initiate and probe the explosion of triatomic molecular ions (ozone and N2O+) in real time, in a 
regime dominated by coupled electron-electron and electron-nuclear dynamics - where a simple Born-Oppenheimer 
approximation breaks down.[1, 2] We observe ultrafast multi-electron dynamics as a result of the competition 
between autoionization and dissociation. We also show that the branching ratio for bond breaking can be altered in 
the presence of the laser field.  Finally, in other work we probe what information can be extracted from angle 
dependent photoelectron holography (Fig. 1).[3] 

 In materials systems, HHG can probe the dynamics of the fundamental quantum mechanical exchange 
interaction in magnetic materials such as layered systems and alloys, relevant to our understanding of correlated 
matter, and also to magnetic switching for next-generation data storage technologies.[5] HHG also enables record 
spatial resolution tabletop nano-imaging, and makes it possible to understand the limiting physics of energy flow at 
the nanoscale.[6, 7] 

 
1. X. Zhou at al., Probing and Controlling non-Born-Oppenheimer Dynamics in Highly Excited Molecular Ions, to be published in Nature 

Physics (2012).  
2. Wen Li et al., Visualizing electron rearrangement during the transition from a molecule to atoms” PNAS 107, 20219 (2010).  
3. D. Hickstein et al., Understanding strong-field photoelectron spectra, submitted (2011). 
4. S. Mathias et al., Probing the timescale of the exchange interaction in ferromagnetic alloys, submitted (2011). 
5. C. Laovorakiat et al., Ultrafast Magneto-Optics at the M-edge Using Tabletop HHG, PRL 103, 257402 (2009).  
6. M. Siemens et al., Measurement of quasi-ballistic heat transport across nanoscale interfaces using ultrafast coherent soft x-ray beams, 

Nature Materials 9, 26 (2010). 
7. D. Nardi et al., Probing Thermomechanics at the Nanoscale, to be published in Nano Letters (2011). 
8. M. Seaberg et al., Ultrahigh 22nm Resolution Coherent Diffractive Imaging using a Desktop 13nm High Harmonic Source, Optics Express 

19, 22470  (2011). 

 
Fig. 1. Experimental photoelectron spectra collected usong velocity map imaging, showing different structure at various 
wavelengths for identical laser intensity (~1x1014 W/cm2). These images encodes information about ionization dynamics, 
wavepacket propagation dynamics, and the structure of the parent ion, and graphically shows the transition from a 
multiphoton to a tunnel regime with increasing laser wavelength. 
 

Speaker: Henry Kapteyn
Session: Attosecond Lasers
Schedule: Thursday Morning Plenary Session 1

PQE-2012 122



The First Experimental Demonstration of Ghost

Imaging with Sunlight

Sanjit Karmakar1, Ronald Meyers2 and Yanhua Shih1

1Department of Physics, University of Maryland, Baltimore County, Baltimore,
MD 21250

2U.S. Army Research Laboratory, Adelphi, MD 20783

This talk reports a recent observation of near-field lensless ghost imaging with sunlight. In addition to its
obvious importance in practical applications, sunlight ghost imaging is also important from the fundamental
point of view. First of all, it excludes the “speckle-to-speckle correlation” theory of ghost imaging because
sunlight does not have speckles. It also supports the multi-photon interference picture for second-order
correlation of thermal light, which helps in understanding the fundamental aspects of this kind phenomena.

Sunlight ghost imaging is the result of a point-to-point correlation of thermal light. Where does this point-
to-point correlation come from? Since sunlight has no speckles, the classical picture of speckle-to-speckle
correlation fails to provide an explanation. On the other hand, the quantum theory of light gives a reasonable
answer: the point-to-point image-forming correlation with sunlight comes from the nonlocal interference
which involves the superposition of two-photon amplitudes, corresponding to different yet indistinguishable
alternative ways for a random pair of photons to produce a joint photodetection event. As a result of two-
photon interference, ghost imaging has three peculiar features:(1) it is nonlocal (2) it achieves higher spatial
resolution for long distance imaging, for example, taking a picture of an object in 10km distance, sunlight
ghost imaging achieves a spatial resolution equivalent to that of a classical image device with 92m-diameter
lens and (3) it is “turbulence-free”. These peculiar features are very important and useful in distant imaging
applications.
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Toward broad Raman generation in the continuous wave regime 
 

M. Katsuragawa 

Department of Engineering Science, Graduate School of Informatics and Engineering, 

University of Electro-Communications, Japan 
Email: katsura@pc.uec.ac.jp 

 
 

Abstract 
Broad Raman sideband generation based on an adiabatic driving of maximal coherence 
has succeeded in the nanosecond pulsed regime. The related various demonstrations, 
such as femtosecond / sub-femtosecond pulse generation, control of 
carrier-envelope-offset frequency of the broad Raman sidebands, arbitrary optical 
waveform generation, and so on, have been shown. Here, we discuss an extension of 
this technique to the continuous wave (cw) regime. We show the two experimental 
results which were carried out toward the broad Raman sideband generation in the cw 
regime. One is by employing an enhancement cavity and the other is by employing the 
hollow core photonic crystal fiber, where the generations were tested in the nanosecond 
pulsed regime. In either case, the Raman sideband generations were enhanced by ~ 
3,000 times. Figure 1 shows a typical result obtained by employing the enhancement 
cavity technique. The broad Raman sidebands were generated with a nearly flat 
intensity distribution over 130 THz (656 – 941 nm). 

 

Fig. 1. Raman sidebands adiabatically generated in the enhancement cavity. 
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Relaxation phenomena in the adiabatic phase transition of 

Type I superconductor particles 
 

Peter D. Keefe 
 
 

University of Detroit Mercy, 24405 Gratiot Avenue, Eastpointe, Michigan 48021, USA 
 

The first order phase transition of a Type I superconductor involves thermal and 
electrodynamic relaxation processes of the control variables for which the time of the 
electrodynamic relaxation is three orders of magnitude faster than the thermal relaxation. 
[1]  In the first order adiabatic phase transition of macroscopic specimens, collective 
averaging renders relaxation time differences of the control variables unobservable and 
the phase transition isentropic.  In the first order adiabatic phase transition of mesoscopic 
particles, coherence renders time differences of the control variables observable and, with 
profound consequence, the phase transition non-isentropic. [2-5]  In addition to a 
theoretical discussion, presented are particulars of how the relaxation processes of the 
control variables for first order adiabatic phase transitions in both the macroscopic and 
mesoscopic size regimes will be experimentally investigated in the near future utilizing 
techniques developed by S.V. Dubonos. [6] 
 
[1] P.D. Keefe, The Second law of Thermodynamics and Quantum Heat Engines: Is the Law 

Strictly Enforced?, Physica E, Vol. 42, pp. 461-465, 01/2010. 
 
[2] P.D. Keefe, Quantum Limit to the Second Law by Magneto-Caloric Effect, Adiabatic Phase 

Transition of Mesoscopic-Size Type I Superconductor Particles, Physica E, Vol. 29, pp. 
104-110, 10/2005. 

 
[3] P.D. Keefe, Second Law Implications of a Magneto-Caloric Effect Adiabatic Phase Transition 

of Type I Superconductor Particles, J. of Mod. Optics, Vol. 51, No. 16-18, pp. 2727- 
2730, 10-12/2004. 

 
[4] P.D. Keefe, Coherent Magneto-Caloric Effect Heat Engine Process Cycle, Quantum Limits to 

the Second Law: First international Conference, AIP Proceedings CP643, pp. 213-218, 
09/2002. 

 
[5] J. Bardeen, Private Letter Communication to P.D. Keefe, Loomis Laboratory of Physics, 

University of Illinois, March 25, 1987. 
 
[6] A.K. Geim, S.V. Dubonos, J.G.S. Lok, I.V. Grigorieva, J.C. Maan, L. Theil Hansen and P.E. 

Lindelof, Ballistic Hall Micromagnetometry, J. Appl. Phy., Vol. 71, pp. 2379-2381, 1997. 
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Various approaches to loss mitigation in Nanoplasmonics and their limitations. 

Jacob B Khurgin 

Johns Hopkins University 

Recent years have  seen  staggering growth of  interest  in using nanostructured metals  in optical  range 
with  the goal of enhancing  linear and nonlinear optical properties or even engineering entirely novel 
optical materials  unknown  in  Nature.  After  the  initial  heady  years  of  excitement  the  community  is 
recognizing  that  loss  in  the metal  is  an  important  factor  that might  impede  practical  application  of 
plasmonic devices, be it in signal processing, sensing, imaging or more esoteric applications like cloaking. 
Attempts  are  being  made  to  “design  away”  the  loss,  compensate  it  by  gain,  or  find  new  lossless 
materials. In this talk we examine these concepts one by one and find that they all have their limitations.  
First we demonstrate  that  in  truly sub‐wavelength  in all  three dimensions metal structures  the  loss  is 
inherent and cannot be engineered away by clever changes in shape for as long as one operate in visible 
and  IR  region of  the  spectrum, while  in  THz  frequency  this  approach  actually works  and  explain  the 
reasons behind  it. We then consider  the  idea of compensating  loss using semiconductor gain medium 
and demonstrate that required gain is difficult to achieve and maintain due to increase in recombination 
rates  caused by Purcell’s effect.   We also  consider a  fresh  idea  for  loss  reduction by using plasmonic 
structures  combining metals with  strongly  dispersive  dielectrics  (as  in  slow  light media)  to  store  the 
energy  in  atomic  polarization  rather  than  in  kinetic  energy  of  electrons  and  thus  achieve  orders  of 
magnitude reduction of  loss at the cost of reduction  in field enhancement. After that we consider the 
physics  of  losses  in metals  at  optical  frequencies  and  show  that  the  nature  of  these  losses  is  quite 
different  from  the  losses  in  RF  domain. We  then  show  that  negative  dielectric  constant  at  optical 
frequencies does not have to  inevitably  lead to  large absorption, and with guarded optimism point  to 
the tentative way in which new materials with negative dielectric constant and  very low loss  might be 
synthesized. 
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Eigenmode Approach to the Subwavelength Imaging with 
Surface Plasmon Polaritons 

 
Jacob B Khurgin, Beibei Zhang 

Johns Hopkins University  

 

We have developed a new analytic approach to investigating the sub‐wavelength imaging using 
surface plasmon polaritons (SPP). Unlike prior works our approach clearly reveals the physical 
origin  of  sub‐wavelength  imaging  and  its  fundamental  limitations.  We  follow  two  guiding 
principles: First of all, we believe in Fermi’s Golden Rule – energy can only be emitted into the 
existing  Eigen‐mode  of  the  system,  and,  Second,  we  treat  imaging  as  the  energy  transfer 
process as we  follow  the energy move  from  the object via  the SPP eigenmodes and  into  the 
detector We analyze  the SPP  imaging of a sub‐wavelength  fluorescent source and show how 
the  modulation  transfer  function  (MTF)  is  affected  by  the  operating  wavelength,  metal 
thickness, losses and variations in dielectric constant.  
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TESTING THE GENERALIZED SHELL'S LAW WITH A PLASMONIC METASURFACE 

A. V. Kildishev, X. Ni, N. K. Emani, A. E. Boltasseva, and V. M. Shalaev 
School of Electrical and Computer Engineering and Birck Nanotechnology Center, Purdue University, West Lafayette, Indiana 47907, USA 

 
(Abstract) 

 
The control of phase with metasurfaces (thin metama-
terial layers) can play a fundamental role in generating 
synthetic scattering diagrams of macroscopic objects. 
Thin metasurfaces can introduce additional spatially 
non-uniform phase in the incoming wave, thereby af-
fecting its scattering characteristics.  

Typically, the amount of phase change is limited by the 
optical properties of the materials, and significant 
changes typically require a propagation length compa-
rable to or larger than the wavelength. The nanotech-
nology revolution in the last decade has made it possi-
ble to fabricate metamaterials that are capable of 
bending light in unusual ways, and hence enabled 
many fantastic applications such as negative refraction 
[1], super-resolution lenses [2, 3], and cloaking [4], yet 
the phase control and light wave bending at an inter-
face was still dictated by material parameters as go-
verned by the conventional Snell’s law.  

The generalized Snell’s law, 
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recently developed by the Capasso group,[5] can offer 
new paradigms of light manipulation. The above law 
indicates that a gradient in a phase discontinuity,  , 
along an interface can modify the direction of the re-
fracted and the reflected rays by design. Yet another 
more general interpretation of this is that   is essen-
tially an additional momentum contribution that is intro-
duced by breaking the symmetry at the interface; 
hence, in order to conserve momentum, the light wave 
has to bend accordingly.  

We have experimentally demonstrated wave-front con-
trol in a broadband wavelength range from 1.0 μm to 
1.9 μm, accomplished with a relatively thin 30 nm 
(~λ/50) plasmonic nano-antenna interface.  

We have used a plasmonic nano-antenna array con-
sisting of V-shaped gold antennas (similar to those in 
[5]), to introduce an abrupt phase discontinuity at the 
interface. A unit cell of the nano-antenna array consists 
of eight antennas providing a phase shift from 0 to 2π 
in the x direction. Full-wave finite element method si-
mulation results and experimental results are com-
pared in Fig. 1. 

The experimental proof-of-concept studies [5-6] per-
formed first at Harvard at a wavelength of 8 µm and 
then at Purdue for a broad, near-IR range have proven 
that by designing and engineering the phase disconti-
nuity along an interface, one can fully control the bend-
ing of light beyond what the conventional Snell’s law 
predicts. 

 
Figure 1: The false-color maps indicate the experimentally measured 
relative intensity profiles for the antenna array with a period of 1440 
nm with x-polarized excitation. The dashed line shows the theoretical 
prediction of the peak position using the generalized Snell’s law. (Top 
panel) Reflection angle versus wavelength for cross-polarized light 
with 65° incidence angle. (Bottom panel) Refraction angle versus 
wavelength for cross-polarized light with 30° incidence angle.  
 
This work was supported by AFOSR-MURI (FA9550-
10-1-0264) and NSF-DMR (1120923). 
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Fig. 1 Time dependent near-fields at 
a SiO2 nanoparticle in a few-cycle 
laser field. 

Attosecond electron emission and acceleration from 
nanoparticles in strong fields 

 
Matthias F. Kling 

 J.R. Macdonald Laboratory, Physics Department, Kansas-State University, Manhattan, KS 66506, USA; Max Planck Institute of Quantum 
Optics, Hans-Kopfermann-Str. 1, D-85748 Garching, Germany;  E-mail: kling@phys.ksu.edu 

 
We studied the emission and directional control of highly energetic electrons from isolated dielectric and 

metallic nanoparticles [1]. The angular resolved observation of these electrons provides insight into their dynamics 
and the surface charging of the particle [1]. Liberated electrons are accelerated / decelerated in the local field at the 
surface and affected in their attosecond dynamics by the build-up of a surface trapping potential and electron-
electron interactions. By using isolated nanoparticles we can explore the regime near, at and beyond the material 
damage threshold. At high intensities, nanometer sized dielectric materials can metalize and exhibit plasmonic 
properties [2]. The extremely short pulse duration of only a few cycles in our studies ensures that the electron 
dynamics responsible for the observed phenomena occurs before any nuclear dynamics.  

Intense carrier-envelope phase (CEP) stabilized laser pulses with a 
central wavelength of 720 nm and 5 fs pulse duration were focused onto 
a nanoparticle beam. The nanoparticles were inserted into the gas phase 
by aerosol preparation and aerodynamic lens focusing [1]. The resulting 
full 3D momentum distribution of the emitted electrons was obtained by 
velocity-map imaging (VMI). Our experimental approach is based on a 
single-shot detection technique and allows identifying laser shots that 
interacted with a nanoparticle significantly increasing the signal-to-
background ratio in the experiments. The asymmetry of the electron 
emission in the direction of the laser polarization axis shows a 
pronounced CEP dependence in the energy range up to the cutoff energy. 
Comparison of the experiment to quasi-classical simulations indicate that 
the electron rescattering in the enhanced near-field of the nanoparticle 
and the trapping potential produced by residual ions and other free 
electrons in the surface region is responsible for the large energy gain. 
Recently, we have investigated the focusing of near-fields by propagation 
effects in large dielectric nanospheres. For diameters exceeding a quarter 
of the driving wavelength, the near-fields exhibit a strong asymmetry in 
the laser propagation direction. The focusing of the near-fields towards 
the backside of the particles results in electron emission towards the laser 
propagation direction. We have recorded 2D projections of the emitted 
electrons and compare them to the results of semi-classical simulations. 

We have performed simulations for the time-resolved probing of collective electron motion in spherical 
nanoparticles with attosecond nanoplasmonic streaking [3]. For a variety of structural and laser parameters, we 
evaluated how plasmonic fields in nanoparticles can be probed via employing a few-cycle NIR pulse for the 
excitation of the collective motion and a time-delayed attosecond extreme ultraviolet (XUV) pulse, which emits 
photoelectrons into the unfolding near-field. The recorded acceleration and deceleration of these photoelectrons 
permits the reconstruction of the plasmonic near-fields at the surface of the particles.  
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Control of light by light in a resonant medium 
 

Olga Kocharovskaya 
Institute for Quantum Studies and Engineering,  

and Department of Physics and Astronomy 
Texas A&M University 

      All fundamental optical processes (such as absorption, emission, 
propagation, refraction, fluorescence, and scattering of light) are greatly 
enhanced near atomic resonances.  Strong resonant light-matter interaction can 
be efficiently manipulated by sufficiently intense off-resonant light. 
Electromagnetically induced transparency (EIT), lasing without inversion 
(LWI), slow light, and stored light are the well-known examples of dramatic 
modifications of the resonant light-matter interactions by applying a control 
laser field. Such control of light by light is widely used in modern atomic, 
molecular, and optical science and technology.    
       In this talk we overview the new dynamical methods to control the 
resonant light-matter interaction by using the strong off-resonant light. These 
methods are based on  

1) the interruption of the resonant interaction due to the action of strong off-
resonant light by means of:   

(i) the  modulation in time and/or space of the atomic transition 
frequencies (via a quasi-static Stark effect or ac-Stark effect),  

(ii)  the periodic tunneling ionization of atoms from the excited state 
induced by the strong laser field,  

2) the dynamical control of the refractive index and temporal variation of the 
wave vector of the control field.   

 The applications range from new protocols of quantum memories and 
new methods of single photon shaping [1,2] to new efficient methods of 
attosecond pulse formation [3.4] and all-optical methods to produce and 
control photonic structures [5]. 
1. A. Kalachev, O.Kocharovskaya, Phys. Rev. A 83, 053849 (2011). 
2. R. N. Shakhmuratov, F. Vagizov, O. Kocharovskaya, Phys. Rev. A 84, 043820 (2011). 
3. V. A. Polovinkin, Y. V. Radeonychev, O. Kocharovskaya, Opt. Lett. 36, 2296 (2011).  
4. Y. V. Radeonychev,V. A. Polovinkin, O. Kocharovskaya, Phys. Rev. Lett. 105, 183902 

(2010). 
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Green’s functions for the critical region of Bose-Einstein condensation

V. V. Kocharovsky  1,2   and Vl. V. Kocharovsky2

1 Department of Physics and Astronomy, Texas A&M Univ., College Station, Texas, USA
2 Institute of Applied Physics, Russian Academy of Science, Nizhny Novgorod, Russia

     We present analytical solution for the temperature Green’s functions in the whole 
critical region of Bose-Einstein condensation of an ideal gas in a mesoscopic trap with 
arbitrary finite number of atoms, volume, and temperature. 
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Photon pairs from the fiber-optical analogue of the

event horizon
Friedrich König, Susanne Kehr, Joanna McLenaghan, and

Ulf Leonhardt
School of Physics and Astronomy, University of St Andrews, North Haugh, St

Andrews, Fife, KY16 9SS, UK, Email: fewk@st-andrews.ac.uk

The geometry of black holes can be viewed as if space were a medium moving towards their singularities.
Where the flow becomes superluminal such that nothing can escape, horizons are formed. Laboratory ana-
logues of black holes are based on this picture [1]. In particular, in one-dimensional waveguides horizons can
be formed around refractive index perturbations that travel at the speed of light in the medium. In the frame
moving with the perturbation, the medium is ‘flowing’ by at the speed of light.

A black hole emits waves in thermal equilibrium [2]. The waves consist of correlated pairs of quanta, one from
the inside and one from the outside of the horizon. Therefore, on one side of the horizon, the gravitational
black hole emits thermal black-body radiation, Hawking radiation [2].

In our analogue system we use the nonlinear optics of light pulses in fibers. A stable soliton pulse is prop-
agating down an optical fiber. It perturbs the refractive index n of the fiber due to the Kerr effect. We
present results of the interaction of a probe wave with these artificial horizons. For these waves the pulse
presents a moving potential barrier. For a sufficient barrier height, a turning point or group velocity horizon
is established and the wave is frequency shifted at the pulse. If the input mode is in the vacuum state, mode
conversion is still expected as the production of photon pairs at the horizon. This is a manifestation of the
analogue of the Hawking effect in fibers. We present the current status of the experiment for the production
of these photon pairs.
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Exploring strongly correlated matter with multimode cavity QED

Alicia J. Kollár1, Alexander Papageorge1, Sarang Gopalakrishnan2, Paul M. Goldbart3, Benjamin L. Lev1

1E. L. Ginzton Laboratory, Stanford University, Stanford CA 94305
2Department of Physics, University of Illinois at Urbana-Champaign, Urbana, IL 61801

3School of Physics, Georgia Institute of Technology, Atlanta, Georgia 30332, USA

Abstract: We introduce an experiment aimed at incorporating traditionally soft condensed matter physics
involving emergent, compliant lattices into an ultracold atomic physics setting. We describe how Bose-
Einstein condensates in multimode cavity QED can give rise to spontaneously emergent dynamical lattices
with rigidity and topological defects, generating supersmetic and superglass phases.

Externally imposed optical lattices have given experimental cold atoms physics access to a wide variety
of hard condensed matter phenomena. Here we introduce an experiment to create a fully emergent and
dynamical optical potential with a transversely pumped BEC in a degenerate multi-mode optical resonator.
The emergent potential is the result of a spontaneously broken quasi-continuous symmetry, and the resulting
crystalline state is therefore compliant, unlike traditional lattices or spontaneous self organization of an
atomic cloud in a single mode resonator [1].

The crystallization transition is weakly first order and of the Brazovskii universality class known from
classical soft condensed matter physics [2]. Competition between coupling to the degenerate field modes
gives rise to domain formation and topological defects in a stripe-like smectic ordered state. As in the single
mode case [1], superfluidity is preserved across the self-organization transition, so the resulting crystalline
state in the mulit-mode case is a fully emergent supersmectic [2, 3]. For three-dimensional clouds, the
coupling to the resonator modes is naturally frustrated, giving rise to a superfluid glassy state: a superglass.ATOM-LIGHT CRYSTALLIZATION OF BOSE-EINSTEIN . . . PHYSICAL REVIEW A 82, 043612 (2010)
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FIG. 8. (Color online) Elementary excitations of the self-
organized state in the concentric cavity. (a) Domains that have
self-organized into distinct modes can be separated by analogs of
grain boundaries (left half of panel) or by continuous textures (right
half of panel). (b) Excitations that are analogous to the splay mode in
smectic-A liquid crystals (see Sec. IX B). Lines indicate nodes of the
cavity electromagnetic field. The curved wave fronts along the radial
direction have been drawn as flat lines to emphasize that the sketched
feature is small scale, relative to the size of the cavity.

of boundary conditions on the optical mode structure, and
therefore on the possibilities for atomic crystallization. In-
stead, in the concentric cavity, the ordered states follow the
two-dimensional optical mode patterns, which may be visu-
alized as distorted checkerboard patterns, as shown in Fig. 8.
Locally, the atomic density selects amongst the cavity modes
by crystallizing into the “odd or even squares” of the selected
mode (cf. Fig. 8 and the discussion in Sec. III). In physical
realizations, the corresponding states of crystallization would
not be exactly degenerate, as optical modes having stronger
angular variation (i.e., larger m) are of lower finesse; on the
other hand, repulsive interactions have a stronger impact on
atoms that are crystallizing into modes of lower m [46]. Such
effects can readily be accounted for within our model, via
the introduction of fictitious fields that would bias the system
toward crystallizing into certain modes. In practice, the most
straightforward way to include such effects is by adding the
terms

Sfict =
!

mn

hmn!
2
mn (82)

to the Brazovskii action, which would raise (or lower) the
threshold laser power in a mode-dependent way.

2. Other multimode cavities

A well-known example of a multimode cavity is the
confocal cavity, in which all the even TEM modes
are degenerate [30]. (It is also possible to make multimode
cavities in which every pth TEM mode is degenerate.) These
cavities have the practical advantage over the concentric
cavity that their stability criteria are easier to satisfy (e.g.,
their mode structures are more robust with respect to mirror
misalignment). To the extent that it is legitimate to think of

such cavities as each having a continuous family of degenerate
modes (i.e., provided they possess a large number of modes that
are both degenerate and not heavily suppressed by diffractive
losses), the self-organization transition in these cavities should
belong to Brazovskii’s universality class, and our analysis of
the transition itself should extend to these models. Where
confocal cavities are likely to differ from concentric ones is in
the geometry of the ordered states and of their defects, which
is much more involved in the confocal case because of its less
evident symmetry structure.

A feature common to most multimode geometries is that it is
possible to tune the system across the point at which the modes
are degenerate by gradually changing the mirror spacing. Thus,
one can explore the crossover between the multimode physics
discussed in the present work and the single-mode physics
realized in Ref. [16].

B. Phonons and nonequilibrium elasticity

Manifestly, the concentric cavity geometry does not possess
translational invariance in the radial direction; hence, there are
no translational Goldstone modes in the radial direction. The
geometry that we have primarily considered in this paper does
not possess translational invariance in the angular direction
either, because of the hard-wall boundary conditions that we
imposed on the mode functions at the edge of the cavity, when
computing the mode structure (see Sec. VII A). For the usual
experimental situation, in which the cavity mirrors cover a
relatively small solid angle, this is the relevant case. In the
opposite regime, in which each cavity mirror occupies most
of a hemisphere, one would essentially recover translational
invariance in the angular direction; concomitantly, there would
be phonons, corresponding to the “rippled” atomic arrange-
ment shown in Fig. 9. For large cavities, such excitations
would have a linear, phononlike spectrum, with a speed of
sound related to the order parameter for crystallinity.

The concentric cavity geometry does, however, possess an
analog of rotational invariance, in that the energy is unchanged
if one reorganizes the crystallization of atoms in mode (m,n)
into crystallization in a degenerate mode (m!,n!). For a large
cavity, having many modes, this symmetry is effectively
continuous. Consequently, there are low-energy excitations

FIG. 9. Case of the large-solid-angle concentric cavity, in which
the atom-light system possesses a continuous symmetry associated
with the relative phase between the +m and "m components of each
mode function. This symmetry, when broken by the self-organized
atomic cloud, leads to the existence of both phonon excitations (shown
in the left panel of the figure) and true edge dislocations (shown in
the right panel of the figure).
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FIG. 12. (Color online) Schematic illustration of the implications
of frustration. Atoms are loaded into sheets (i) and (ii), shown
as thick lines in (a), which are an integer number of pump-
laser wavelengths apart. The dashed and dashed-dotted curves are,
respectively, antinodal regions of the modes TEM1m, which have
low intensity near the centers of sheets (i) and (ii), and TEM2m,
which have low intensity away from the centers of sheets (i) and
(ii). Near the center of each sheet, atoms crystallize into the TEM2m

modes; away from the center, they crystallize into the TEM1m! modes.
Within a sheet, regions may be separated by faults in the ordering, as
illustrated in (b). For example, on the left side the fault has the form
of a discommensuration (see Sec. XII). By contrast, the fault on the
right side is a grain boundary. Between layers, the opposing parity of
adjacent modes leads to frustration, which precludes ordering, as in
the regions indicated by a " and a !. Grain boundaries (denoted by !)
are more localized faults, and are therefore less costly, energetically,
than discommensurations (").

to trap the entire atomic distribution at the center or the edge
of the sheet. The kinetic energy cost of localization, as well
as the cost in repulsive energy, will act to spread the atomic
cloud out.)

Now consider a situation in which two symmetrically
disposed sheets on opposite sides of the equator are populated
with atoms, as in sheets (i) and (ii) of Fig. 12. Atoms in
sheet (i) and those in sheet (ii) are coupled via the cavity
modes. Because l = 2 (l = 1) mode functions are symmetric
(antisymmetric) about the equatorial plane, the atoms in the
l = 2 (l = 1) arrangement in sheet (ii) occupy the same
(opposite) checkerboard as those in sheet (i). If there are no
dislocations, atoms in the interfacial zone remain disordered,
because it is impossible for the atoms to satisfy both desiderata
[or, equivalently, because the corresponding cavity modes
interfere destructively in sheet (i) and constructively in sheet
(ii)]. The introduction of dislocations enables the system to
order in part of the interfacial zone, as shown in the right-hand
side of Fig. 12(b), and is therefore preferred.

The full many-layer, many-mode system is expected to
experience the same kinds of disordering effects as the

idealization sketched above: i.e., one expects systems slightly
above threshold to develop locally crystalline phases separated
by zones riddled with faults.

XIII. CONCLUDING REMARKS

In this work, we have shown that the self-organization of
BECs in multimode cavities is accompanied by a range of
effects, such as fluctuation-driven nonequilibrium first-order
transitions (both classical and quantal), topological defects,
rigidity, frustration, and supersolidity. We have developed both
a nonequilibrium formalism for exploring such systems in
general, and an effective equilibrium description valid in the
regime of greatest interest, viz., the quantum phase transition
undergone by a Bose-Einstein condensate. We have outlined,
moreover, how these formalisms may be used to compute the
correlation functions of the photons emitted from the cavity,
as well as those of the atoms, and how such correlations
may be detected experimentally. Finally, we have suggested
realistic values of experimental parameters that might be used
to realize self-organization and its attendant phenomenology
in the laboratory.

A major outstanding question that we hope to address in
future work is whether the self-organized state in the layered
three-dimensional geometry described in Sec. XII exhibits
glassy dynamics. We also see three other promising avenues
for future work extending the ideas developed in this paper. The
first is to consider pumping with light sources that exhibit either
thermal or quantum noise, instead of considering classical laser
light. Such light sources are likely to lead to nontrivial effects
because of the interaction between the input noise and the
environmental noise due to photon loss. The second avenue is
to apply the current formalism to related instabilities of atoms
in cavities: e.g., the phenomena of collective atomic recoil
lasing [58] and “excess noise” [59]. Such phenomena are well
understood at the mean-field level, but the present formalism
makes it straightforward to address the effects of fluctuations.
Finally, it might be of interest to explore the physics of
many fermions trapped in multimode cavities, especially the
prospects for their Cooper pairing. There are two possible ways
to arrange this: the first is to exploit the previously mentioned
analogy (see Sec. III) between photons and phonons in order
to achieve photon-mediated Cooper pairing; the second is to
use the phonons of the emergent crystalline phase as the “glue”
that would bind the Cooper pairs.
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FIG. 1. a) Schematic representation of a transversely pumped two dimensional BEC cloud in a degenerate near con-
centric resonator above the crystallization transition. Different portions of the cloud couple maximally to different
field modes and patches of crystalline order nucleate in these different modes. The different lattices are incommen-
surate, resulting in topological defects at the interfaces between them. The phase transition from the uniform cloud
to the ordered state is driven by constructive interference between the scattered light from all of the atoms, so atoms
organize at every other lattice site where the field modes are in phase. Superfluidity is preserved across the transition
so the site occupations fluctuate with Poissonian statistics with alternating average of zero and one, indicated by the
red dots [2]. b) Schematic representation of two transversely pumped planar BECs in a near-concentric resonator.
Neighboring regions along the cavity axis couple to modes with different parity parity in the two clouds. Hence
in-plane and out-of-plane ordering are mutually frustrated. The result is a superglass arising due to the frustrated
cavity-mediated interactions [2].

[1] K. Baumann, C. Guerlin, F. Brennecke, and T. Esslinger. “Dicke quantum phase transition with a superfluid gas
in an optical cavity”. Nature 464 1301-1306 (2010).

[2] S. Gopalakrishnan, B. L. Lev and P. M. Goldbart. “Atom-light crystallization of Bose-Einstein condensates in
multimode cavities: Nonequilibrium classical and quantum phase transitions, emergent lattices, supersolidity, and
frustration”. Phys. Rev. A 82 043612 (2010).

[3] S. Gopalakrishnan, B. L. Lev and P. M. Goldbart. “Emergent crystallinity and frustration with Bose–Einstein
condensates in multimode cavities”. Nature Phys. 5 845 (2009).
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Three-Dimensional Anderson Localization of Ultracold Matter

S. S. Kondov, W. R. McGehee, J. J. Zirbel, B. DeMarco

Anderson localization (AL) is an interference phenomenon in which classical waves or quantum
wavefunctions fail to propagate in a disordered medium. AL is known to affect the transport properties
of electrons in solids due to scattering from impurities and defects. Developments in experimental
and computational techniques have fueled interest in this field with the hope that new findings can
contribute to the understanding of disordered systems, particularly in their connection to disordered
materials.

Figure 1: (A) Ultracold gas expanding into an
optical speckle field (green) and separating into
localized (blue) and mobile (red) components.
(B) The measured optical depth depicts a 480-
nK gas that has expanded for 20 ms through the
disordered potential. Slices are shown through
the image along x (C) and z (D). The filled
curves are fits to the mobile (red) and localized
(blue) components.

Initially described in terms of electrons [1], AL ef-
fects have been observed for light, sound, microwaves
and cold atoms. We provide a first direct measure-
ment of three-dimensional (3D) AL for matter waves.
To achieve that we expand an ultracold, noninteract-
ing gas of atoms into a disordered repulsive potential
created by a speckle light field [2]. After release in
the disorder, the gas develops a clear two-component
distribution. Atoms above a momentum cutoff (i.e.
mobility edge) expand ballistically, while those below
the cutoff remain localized. This behavior is rather
striking in light of the properties of the disordered
potential. The dark regions of the speckle are not
single points of zero intensity. Instead, they are con-
tinuous curves of darkness (i.e. vortices) which per-
form a random walk in space and do not support
trapped states. Atoms confined to these dark paths
would classically diffuse. However, the atoms scatter
off the speckle, resulting in destructive interference
and complete absence of transport.

We measure the properties and relative popula-
tions of the localized and mobile components over a
range of temperatures and disorder heights. Using
direct measurements of the momentum distribution,
we show that the data are consistent with a mobility
edge, and we measure how the mobility edge depends
on the disorder strength.

References

[1] P. W. Anderson. Absence of diffusion in certain random lattices. Phys. Rev., 109(5):1492–1505,
March 1958.

[2] J. J. Zirbel B. DeMarco S. S. Kondov, W. R. McGehee. Three-dimensional Anderson localization
of ultracold matter. Science, 334:66–68, 2011.
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Hyperfine-resolved polarizability measurements of
atomic cesium’s 9s 2S1/2 and 6d 2D3/2 states

A. Kortyna, C. Tinsman, and J. Grab
Department of Physics, Lafayette College, Easton, PA 18042, U.S.A.

We report the first polarizability measurements of atomic cesium’s 6d 2D3/2 and 9s 2S1/2 states.
Our work is motivated by calculations indicating empirical structure parameter inconsistencies be-
tween cesium’s precisely measured 6p states and its nd states.[1] We employ two single-mode external-
cavity diode lasers to drive the 6s 2S1/2 →6p 2P1/2 →nl double-resonant transition. One laser is locked
to the 6s 2S1/2 →6p 2P1/2 transition and the second is stepped across the 6p 2P1/2 →nl manifold. Two
spectra are generated concurrently. One is a laser-induced-fluorescence spectrum from a collimated
effusive beam, collected within a region of uniform electric field (see the upper panel of Fig. 1). To
calibrate the frequency scale, we also record an absorption spectrum in a field-free vapor cell with
the 6p 2P1/2 →nl laser phase modulated (see the lower panel of Fig. 1). The modulation frequency is
directly reference to a rubidium frequency standard and the resulting first- and second-order modu-
lation sidebands provide frequency markers for frequency calibration.

A summary of the 9s 2S1/2 Stark shifts (Fig. 2) show the expected electric-field-squared depen-
dence. Using second-order perturbation theory, analysis of the 6d 2D3/2 Stark shifts yields a scalar
polarizability of -5310(180)au and a tensor polarizability of 8650(260)au. For the 9s 2S1/2 state, the
scalar polarizability is measured as 149800(4200)au and the magnetic dipole contact interaction as
630(110)au. Our tensor polarizability measurement agrees well with recent relativistic all-order cal-
culations [2], but the scalar polarizabilities agree less well. Our systematic uncertainty is limited
by the electric field precision. We are currently calibrating the electric field with the objective of
reducing the overall uncertainty by an order of magnitude and providing a more stringent test of
theory.
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Figure 1: Concurrent cesium 6p1/2(F
′ = 4) →

9s1/2(F =4) spectra (circles) and fitted Voigt profiles
(lines). Upper panel: fluorescence from an effusive
beam at 2.55±0.02 kV/cm. Lower panel: absorption
in a field-free vapor cell with 110 MHz phase modu-
lation for frequency calibration.

0 2 4 6 8
-150

-100

-50

0

 

 

St
ar

k 
Sh

ift
 [M

H
z]

Electric Field Squared [(kV/cm)2]
Figure 2: Net Stark shift of the 9s1/2(F = 4) state
as a function of electric field squared. Error bars
indicate 5 sigma statistical uncertainty. The least-
squares slope is −18.563 ± 0.043MHz/(kV/cm)
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Frenkel exciton physics with ultracold molecules

R. V. Krems
Department of Chemistry, University of British Columbia, Vancouver, V6T 1Z1, Canada

Ultracold molecules trapped on an optical lattice in a Mott insulator phase form a crystal-
like structure. Rotational energy excitation of molecules in such a system gives rise to
Frenkel excitons with unique properties. The main question I will discuss is - what can we
do with molecules on an optical lattice that cannot be done with solid-state crystals? In
particular, I will show that Frenkel excitons in an optical lattice with molecules may exhibit
strong non-linear interactions leading to the formation of exciton - exciton bound pairs and
tunable exciton - phonon interactions. The latter can be used for quantum simulation of
the Holstein model and the study of excitonic energy transport in the presence of a tunable
non-Markovian bath. Finally, I will show that a mixture of ultracold molecules on an optical
lattice can be used to realize a crystal with tunable impurities, which can be exploited to
study exciton localization/delocalization in the presence of dynamically tunable disorder.
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Figure 1. Probability density |Ψ(x)|2 describing a Frenkel
exciton near the top of the energy spectrum for a 1D array
of 1000 LiCs molecules with 10% of homogeneously and
randomly distributed LiRb impurities. Different panels
correspond to different values of an external electric field.
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Figure 2. Excitation energy transfer in an array of five
LiCs molecules in a dc electric field perpendicular to the
array. Upper panel: evolution of the excitation probabil-
ity for molecule 1, when no phonons are present; Lower
panel: the same, but with phonons in an optical lattice
with trapping frequency ν0 = ω0/2π varying in time as
indicated in the inset.
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SOME NOVELTIES IN NONLINEAR PLASMONICS

N. Kroo, S. Varro, P. Racz
Research Institute for Solid State Physics and Optics

of the Hungarian Academy of Sciences
1525 Budapest, POBox49, Hungary

Nonlinear plasmonic phenomena are in the centre of interest of extensive 
research due to their numerous potential applications in information and 
biotechnologies, spectroscopy, etc. A significant group of these applications 
relies on the localization of the plasmon oscillations (SPO-s) at certain small 
regions of structured surfaces (e.g. in valleys between two surface bumps), 
where, as the result of this localization, giant electromagnetic fields are created.
Scanning tunneling microscopes (STM-s) are efficient instruments to study the 
properties of these giant fields (hot spots) with high spatial resolution. For 
example, it was found in our earlier STM measurements on a gold surfaces, that 
the surface plasmons were localized in some small regions along the borders of 
surface irregularities, where the tunnel current persisted even at zero bias. 
Furthermore, the signal did not seem to extrapolate to zero, by decreasing the 
intensity of the laser, which excited the SPO-s. 
In our recent STM measurements, the bias between tip and surface was varied 
from negative to positive and immeditately after it from positive to negative 
values. During such complete experimental runs, when scanning from negative 
to positive values of the voltage, the  STM signal were found different from 
those in the reversed case, thus the results formed a hysteresis loop. The  time-
integrated loop areas have been found in  the 25-260eV range, and they seem to 
be grouped around  discrete values . This observation may perhaps be explained 
by assuming an assymmetric double well potential between the gold surface and 
the tip of the STM, which causes a bistable behaviour in the current. 
We also plan to summarize a couple of other earlier results concerning high 
nonlinearities, which stem from the field enhancement effect of SPO-s (like 
harmonic generation and multiplasmon  electron emission), as well as 
experimental and theoretical findings on nonclassical characteristics (e.g. 
transition from antibunching to bunching) of  light emitted by  SPO-s at 
moderate excitation levels.
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Metamaterial Surface Antenna Technology: 

A new generation of electrically scanned arrays 

Nathan Kundtz
1,2

, Adam Bily
1
, Jeff Dallas

1
, David Nash

1
, Ryan Stevenson

1
, Philip Sullivan

1,3
 and Russell Hannigan
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1 
Intellectual Ventures, LLC. , 1555 132

nd
 Ave NE Bellevue, WA 98005, USA. 

2 
Department of Electrical and Computer Engineering, Duke University, Box 90291, Durham, North Carolina 27708, USA. 

3 
Department of Chemistry and Biochemistry, Montana State University, PO Box 173400, Bozeman, MT 59717, USA. 

Intellectual Ventures’ (IV) Metamaterials Surface Antenna Technology (MSA-T) is a new class of antenna 

technology that can electronically steer an RF beam rapidly and precisely 

over wide angles; without the need for moving parts or expensive phase-

shifting components.  Instead, a reconfigurable holographic grating is 

used to control both the radiation pattern and polarization emitted from 

an otherwise passive aperture. A first application of MSA-T will be the 

development of user terminals for the new generation of Ka-band High 

Throughput Satellites (HTS); serving communications-on-the-move 

customers in aeronautical, maritime and land transport markets.  

In this presentation I will discuss our efforts at Intellectual Ventures to 

transition the design methodologies developed in the metamaterials 

community into a commercial application.  I will also describe some of the 

technical advances made to date as well as how these map to industry 

requirements. 

Figure 1. Sample resonator designs for an 

early-stage demonstrator of MSA-T are 

shown.  Each micro-resonator is a tunable 

“pixel” whose properties can be changed 

with the gold lead which is threaded 

through a null in the resonant fields. 

Speaker: Nathan Kundtz
Session: Metamaterials
Schedule: Thursday Morning Invited Session 2

PQE-2012 138



Development of a Compact Optical Function Generator  
 

Andy Kung 
 

Institute of Photonics Technologies, National Tsing Hua University, Hsinchu, Taiwan 
and 

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

akung@pub.iams.sinica.edu.tw 
phone: +886-3-5731157 

fax: +886-3-5751113 

Abstract: We have demonstrated that ultrafast optical waveforms can be obtained by Fourier 
synthesis of octave spanning frequency combs. There are two effective approaches of producing 
the combs.  The first is by adiabatically driving the molecular vibrational coherence of H2 to its 
maximum. Using line-by-line shaping of five of the frequencies of this comb, we synthesized 
periodic waveforms in the shape of sawtooth, square, single-cycle sine and cosine and verified 
these shapes by a technique called shaper-assisted cross-correlation that we developed in our 
laboratory [1].  

 
Fig. 1. Synthesis of optical waveforms from 5 harmonics of a fundamental frequency (from [1]). 
 

The second is by cascaded harmonics generation in a monolithic crystal [2]. The 
advantage of using a monolithic crystal is that it is robust and space saving. This leads to the 
possibility of providing a portable optical waveform synthesizer. This includes employing an 
acousto-optic modulator (AOM) that is designed to work over 2 octaves from 2400 nm to 450 
nm. This range matches the spectrum of our comb. The AOM occupies only 1/10th the space of 
their liquid crystal counterpart. The AOM can be used to modulate both the amplitude and the 
phase of each of the comb components simultaneously. In this presentation I shall present our test 
results of the custom AOM. Successful system integration will lead to the realization of a 
compact waveform synthesizer in the near future.   

 
[1] Han-Sung Chan and A. H. Kung et al. “Synthesis and Measurement of Optical Waveforms from Five Discreet Optical 
Harmonics,” Science 331, 1165 (2011). 
[2] Wei-Chun Hsu, and A. H. Kung et al. “Generation of Multi-Octave-Spanning Laser Harmonics by Cascaded QPM in a Monolithic 
Ferroelectric Crystal,” Opt. Lett. 34, 3496 (2009). 
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When Complexity Meets Function: Enhanced Analysis of Noisy Single Molecule Data 
Christy F. Landes and J. Nick Taylor 

Department of Chemistry Rice University, Houston TX 77251-1892 
 

Single molecule fluorescence resonance energy transfer (smFRET) spectroscopy has provided significant 
advances in our understanding of the relationship between structure and function in biological systems.  
Currently, simplifications must be made for experimental systems, data analysis, and theoretical modeling 
because biomolecules often exhibit mechanistic or conformational heterogeneity.  For example, it is often 
necessary to treat biomolecular processes as transitions between two well-define states (e.g. folded vs. 
unfolded) despite clear experimental evidence to the contrary, (e.g. memory effects or unresolvable 
states). Thus, although our realization of these heterogeneities has expanded our view of complexity in 
biological systems, our desire to understand and engineer such properties is still hindered by our ability to 
acquire, analyze, and model the data generated in these experiments.   The research presented relates 
recent efforts to develop enhanced analytical tools based on wavelet and other signal processing 
algorithms to obtain a multiresolution description of biomolecules that exhibit dynamic heterogeneity1-3.  
This is illustrated in Figure1.   

 
 
 
 
 
 
 
 
 
 
 
 
 
1. Landes, C.F.; Rambhadran, A.; Taylor, J.N.; Salatan, F.; Jayaraman, V. “Structural Landscape of the Isolated 
Agonist Binding Domain of the AMPA Receptor Studied by Single Molecule FRET”, Nature Chemical Biology, 
2011, 7, 168-173. 
2. Taylor, J. N.; Makarov, D.E.; Landes, C.F. “Denoising Single-Molecule FRET Trajectories with Wavelets and 
Bayesian Inference” Biophys. J., 2010, 98, 164-173. 
3. Taylor, J.N.; Landes, C.F. “Improved Resolution of Complex Single-Molecule FRET Systems via Wavelet 
Shrinkage” J. Phys. Chem. B 2011, 115, 1105-1114. 
 

 

Figure 1.  ( left) A smFRET trajectory of a molecule 
with multiple conformations, and the corresponding 
FRET distribution histogram.  (right) The same data is 
shown after the application of an advanced wavelet 
denoising algorithm. 
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Universal digital quantum simulation with trapped ions

B. P. Lanyon1,2∗, C. Hempel1,2, D. Nigg2, M. Müller1,3, R. Gerritsma1,2,
F. Zähringer1,2, P. Schindler2, J. T. Barreiro2, M. Rambach1,2, G. Kirchmair1,2,

M. Hennrich2, P. Zoller1,3, R. Blatt1,2, C. F. Roos1,2.

1Institut für Quantenoptik und Quanteninformation
Österreichische Akademie der Wissenschaften,

Otto-Hittmair-Platz 1, A-6020 Innsbruck, Austria,
2Institut für Experimentalphysik, University of Innsbruck,

Technikerstr. 25, A-6020 Innsbruck, Austria,
3Institut für Theoretische Physik, University of Innsbruck,

Technikerstr. 25, A-6020 Innsbruck, Austria.
∗To whom correspondence should be addressed; E-mail: ben.lanyon@uibk.ac.at

A digital quantum simulator is a quantum device that can be programmed to

efficiently simulate any other quasilocal system. In this talk I will present our re-

cent work on implementing digital quantum simulations in a system of trapped

calcium ions1. Using sequences of up to 100 gates and 6 qubits, the full time

dynamics of a range of spin systems are digitally simulated. Interactions beyond

those naturally present in our simulator are accurately reproduced and quantita-

tive bounds are provided for the overall simulation quality. Our results highlight

limiting sources of error and provide evidence that the level of control required

for a full-scale quantum simulator will soon be within reach.

1B. P. Lanyon, et al. Science 334, 57 (2011)
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Quantum state characterization of high-dimensionally entangled photons

Jonathan Leach,1 Megan Agnew,1 Eliot Bolduc,1 Daniel Gauthier,2

Melanie McLaren,3 F. Stef Roux,3 Robert W. Boyd1,4

1Dept. of Physics, University of Ottawa, 150 Louis Pasteur, Ottawa, Ontario, K1N 6N5 Canada
2Dept. of Physics, Duke University, USA

3CSIR National Laser Centre, South Africa and
4Institute of Optics, University of Rochester, Rochester, USA

High-dimensional entanglement is a key resource for quantum information protocols such as quan-
tum cryptography and tests of non-locality. We present experimental results on the degree of en-
tanglement for the case of photons entangled in the orbital angular momentum and angle degrees
of freedom. In addition, we tomographically reconstruct the high-dimensionally entangled quantum
state. Our results precisely characterize the entanglement, thus establishing the suitability of such
states for applications in quantum information science. We present a model that accounts for the
effects of the quantum efficiency, the heralding efficiency, the photon pair generation rate and finite-
resolution timing electronics impact the degree of entanglement and hence the secure information
capacity.

Systems entangled in high dimensions have recently been proposed as important tools for various quantum infor-
mation protocols, such as multi-bit quantum key distribution and loophole-free tests of nonlocality [1]. It is therefore
important to have precise knowledge of the nature of such entangled quantum states.

In this work we determine the precise quantum state of high-dimensionally entangled photon pairs generated by
parametric downconversion [2]. In this process, orbital angular momentum (OAM) is conserved, resulting in two
photons with equal but opposite OAM and entangled in the OAM basis [3, 4].

We use parametric downconversion to generate photon pairs entangled in the transverse degree of freedom. We use
a 3-mm-long type I BBO crystal, pumped by a frequency-tripled Nd:YAG laser at 355 nm with an average power of
150 mW and a beam waist of approximately 1 mm. In each of the signal and idler arms of the experiment, spatial
light modulators (SLMs) together with single mode fibers act as mode filters which allow us to measure the spatial
states of light. The coincidence counting between the two APDs is performed by a National Instruments counting
card with a timing resolution of 25 ns. The measured coincidence count rates are then normalized by dividing all
points by the sum of the coincidence counts for the pure OAM states. This converts the coincidence count rates to
probabilities so that we can construct a density matrix by minimizing Chi-squared.

We have obtained the density matrix of two entangled qudits in dimensions from d = 2 up to d = 8. Characterizing
the states leads to fidelities ranging from F2 = 0.96 ± 0.01 to F8 = 0.64 ± 0.01 when compared with the maximally
entangled state and linear entropies ranging from S2 = 0.05 ± 0.01 to S8 = 0.50 ± 0.01. These measurements and
subsequent calculations are important for determining the upper bound on the dimension of an OAM space that is
usable for secure quantum communications.

[1] T. Vértesi, S. Pironio, and N. Brunner, Phys. Rev. Lett. 104, 060401 (2010).
[2] M. Agnew, J. Leach, M. McLaren, F. Roux, and R. Boyd, Phys. Rev. A. 84, 062101 (2011).
[3] A. Mair, A. Vaziri, G. Weihs, and A. Zeilinger, Nature 412, 313 (2001).
[4] A. C. Dada, J. Leach, G. S. Buller, M. J. Padgett, and E. Andersson, Nat Phys (2011), ISSN 1745-2481.
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Free space atom photo coupling 
 
Gerd Leuchs 
Max Planck Institute for the Science of Light, Erlangen and 
Department of Physics, University of Erlangen-Nuremberg 
 
Strong atom photon coupling can be achieved in free space with field enhancing cavities 
using properly prepared light waves. The optimum photon wave property depends on 
the goal e.g. whether one wants to use the atom as a mirror or to fully excite the atom 
[1].  
 
Fig. 1 shows these two scenarios:  

- In (a) a photon wave packet is incident from the full 4π solid angle leading to 
absorption by the two-level atom indicated as 'emitter' with probability one, 
provided it is properly shaped in space and time. Obviously the maximum 
absorption probability of one is reached for pulsed excitation with finite bandwidth.  
   

- In (b) a light field is incident half of the full solid angle (2π). In this case the light 
transmission into the other half space can be suppressed by destructive 
interference between the incoming wave and the light reemitted by the atom 
(called 'emitter'). The optimized case transmission may reach zero, if the 
incoming light field is in a monochromatic continuous-wave coherent state of low 
enough power, i.e. with an average photon flux of less than one photon per 
lifetime. 

 
 
 
 
 
 
 
 
 
 
 
 
The different scenarios will be discussed also in the session carrying the same title with 
contributions by world leading groups. The status of the field will be reviewed.  
 
[1] S. Heugel, A.S. Villar, M. Sondermann, U. Peschel, G. Leuchs 
 "On the Analogy between a Single Atom and an Optical Resonator" 
 Laser Physics 20, 100-106 (2010) 
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Optical trapping and cooling of microspheres in vacuum 

Tongcang Li
*
, Simon Kheifets, David Medellin and Mark G. Raizen 

Center for Nonlinear Dynamics and Department of Physics,  

The University of Texas at Austin, Austin, TX 78712, USA 

* 
Now at University of California, Berkeley  

 

                                                       Abstract 

 
 

An optically trapped particle in vacuum is an ideal system for investigating quantum 

effects in a mechanical system, due to its near-perfect isolation from the thermal environment [1, 

2]. More importantly, the oscillation frequency of a trapped particle can be changed in real time, 

and the trap can be switched off to take time-of-flight measurements. These advantages are not 

available in most of opto-mechanical systems. 

     We have launched glass microspheres to air by ultrasonic vibration, and used dual-beam 

optical tweezers to trap microspheres in air and vacuum. We have built a novel detection system 

to monitor the real time position of a trapped bead with Angstrom spatial resolution and 

microsecond temporal resolution. We have measured the instantaneous velocity of the Brownian 

motion of a suspended particle for the first time [3]. Using active feedback, we have 

simultaneously cooled the center-of-mass motion of a microsphere from room temperature to 

millikelvin temperatures in all three dimensions, with a minimum mode temperature of about 

1.5mK [4]. Combining feedback cooling and cavity cooling, the Brownian motion of a bead 

should be able to be cooled from room temperature to the quantum regime, as predicted by 

recent theoretical calculations [1, 2]. 

 

[1] D. E. Chang et al., Cavity opto-mechanics using an optically levitated nanosphere, Proc. Natl. Acad. Sci. USA  

      107, 1005 (2010). 

[2] O. Romero-Isart, M. L. Juan, R. Quidant, J. Ignacio Cirac, Towards quantum superposition of living organisms,  

      New J. Phys. 12, 033015 (2010). 

[3] T. Li, S. Kheifets, D. Medellin and M. G. Raizen, Measurement of the instantaneous velocity of a Brownian  

     particle, Science, 328, 1673 (2010) 

[4] T. Li, S. Kheifets, and M. G. Raizen, Millikelvin cooling of an optically trapped microsphere in vacuum, Nature  

      Phys. 7, 527 (2011) 
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Electromagnetic Energy Transport in Nanoparticle Chains 

via Dark Plasmon Modes 

David Solis, Jr. §, Britain Willingham†, Scott L. Nauert†, Liane S. Slaughter†, Jana Olson†, 

Pattanawit Swanglap†, Aniruddha Paul†, Wei-Shun Chang†, and Stephan Link†,§, 

†Department of Chemistry, §Department of Electrical and Computer Engineering, 

Laboratory for Nanophotonics, Rice University, Houston, Texas 77005 

Abstract 

Using light to exchange information offers large bandwidths and high speeds, but the 

miniaturization of optical components is limited by diffraction. Converting light into 

electron waves in metals allows one to overcome this problem. However, metals are 

lossy at optical frequencies and large-area fabrication of nanometer-sized structures by 

conventional top-down methods can be cost-prohibitive. We show electromagnetic 

energy transport with gold nanoparticles that were assembled into close-packed linear 

chains. The small inter-particle distances enabled strong electromagnetic coupling 

causing the formation of low-loss sub-radiant plasmons, which facilitated energy 

propagation over many micrometers. Using a novel imaging method, Bleach Imaged 

Plasmon Propagation (BlIPP), we determined a plasmon propagation distance of L0 = 

3.9  0.6 m for these gold nanoparticle chains when exciting into the dark modes, in 

contrast to no measurable propagation when exciting into the bright single nanoparticle 

mode. Electrodynamic calculations furthermore showed that disorder in the nanoparticle 

arrangement enhances energy transport, demonstrating the viability of using bottom-up 

nanoparticle assemblies for ultra-compact opto-electronic devices. 

 
Figure 1: Left: SEM images at different 
magnifications of an array of chains made from 
50 nm gold nanoparticles. The chains 
measured 300 nm x 15 μm, are 5 – 6 
nanoparticles wide, and approximately 2 – 3 
layers high. Right: BlIPP of a nanoparticle chain 
for 785 nm excitation. Fluorescence images of 
a dye coated chain taken before (top) and 
after (middle) exposure of the left end of the 
chain to 785 nm laser light for 20 minutes. 
Photo‐bleaching due to plasmon propagation 
is apparent in the difference image (bottom). 

Analysis of the BlIPP data for this nanoparticle chain yielded a plasmon propagation distance of L0 = 4.2 μm. 
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Quantum Nanophotonics

Peter Lodahl, Quantum Photonics Group, Niels Bohr Institute, University of Copenhagen
lodahl@nbi.ku.dk

Nanophotonics structures such as photonic crystals or plasmon nanostructures have in recent years proven to 
provide a very efficient way of enhancing the local interaction between light and matter enabling allsolid
state quantum electrodynamics experiments. We review recent progress on 2D photonic crystal membranes 
containing quantum dots for photon emission control [1], and discuss how a highly efficient and triggered 
singlephoton source can be constructed by coupling single quantum dots to a photonic crystal waveguide by 
exploiting slow light [2]. The role of disorder in the form of fabrication imperfections is explored and found 
to lead to Anderson localization of light enabling cavity quantum electrodynamics by exploiting disorder as a 
way   to   enhance   lightmatter   interactions   [3].   We   finally   demonstrate   that   the   mesoscopic   character   of  
quantum dot emitters implies that  the  traditional pointdipole description of  lightmatter  interaction may 
break down in plasmonic nanostructures [4] providing a new way to strongly interface photons with matter.

[1] Q. Wang, S. Stobbe, and P. Lodahl, Phys. Rev. Lett. 107, 167404 (2011).
[2] T. LundHansen, S. Stobbe, B. Julsgaard, T. Sunner, M. Kamp, A. Forchel, and P. Lodahl, Phys. Rev. Lett. 
101, 113903 (2008).
[3] L. Sapienza, H. Thyrrestrup, S. Stobbe, P.D. Garcia, S. Smolka, and P. Lodahl, Science 327, 1352 (2010).
[4] M. Lykke Andersen, S. Stobbe, A.S. Sørensen, and P. Lodahl, Nature Physics 7, 215 (2011).
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Quantum	  Nanophotonics	  with	  Diamond	  

Marko	  Lončar	  
School	  of	  Engineering	  and	  Applied	  Science,	  Harvard	  University,	  Cambridge,	  MA	  02138,	  USA	  

loncar@seas.harvard.edu,	  http://nano-‐optics.seas.harvard.edu	  

Individual	  color	  centers	  in	  diamond	  have	  recently	  emerged	  as	  a	  promising	  solid-‐state	  platform	  for	  
quantum	  communication	  and	  quantum	  information	  processing	  systems,	  as	  well	  as	  sensitive	  nanoscale	  
magnetometry	  with	  optical	  read-‐out.	  	  Performance	  of	  these	  systems	  can	  be	  significantly	  improved	  by	  
engineering	  optical	  properties	  of	  color	  centers	  using	  nanophotonic	  approaches.	  In	  this	  talk	  I	  will	  describe	  
a	  high-‐flux,	  room	  temperature,	  source	  of	  single	  photons	  based	  on	  an	  individual	  Nitrogen-‐Vacancy	  (NV)	  
center	  embedded	  in	  a	  top-‐down	  nanofabricated,	  single	  crystal	  diamond	  nanowires1,	  2,	  3,	  plasmonic	  nano-‐
apertures4,	  5,	  and	  diamond-‐based	  optical	  cavities6,	  7	  and	  waveguides.	  Using	  the	  nanowire	  geometry,	  for	  
example,	  an	  order	  of	  magnitude	  brighter	  single	  photon	  source	  is	  realized,	  with	  an	  order	  of	  magnitude	  
lower	  pump	  power,	  compared	  to	  an	  NV	  center	  in	  a	  bulk	  diamond2.	  By	  embedding	  diamond	  nanowires	  in	  
metals5,	  it	  is	  possible	  to	  further	  increase	  photon	  flux	  by	  increasing	  photon	  production	  rate	  via	  Purcell	  
effect.	  To	  that	  end,	  we	  demonstrated	  Purcell	  factors	  of	  ~6	  in	  geometry	  that	  consists	  of	  diamond	  
nanoposts	  embedded	  in	  silver5.	  	  Finally,	  recently	  we	  demonstrated	  optical	  nanocavities	  and	  waveguides	  
fabricated	  directly	  in	  thin	  diamond	  films7.	  Single-‐photon	  emission	  of	  NV	  centers	  embedded	  in	  diamond	  
ring	  resonators,	  featuring	  quality	  factors	  on	  the	  order	  of	  10,000,	  has	  been	  demonstrated.	  These	  devices	  
could	  enable	  strong	  coupling	  between	  photons	  and	  NV	  centers.	  	  

1. B.M.	  Hausmann,	  M.	  Khan,	  T.M.	  Babinec,	  Y.	  Zhang,	  K.	  Martinick,	  M.W.	  McCutcheon,	  P.R.	  Hemmer,	  M.	  Lončar,	  "Fabrication	  
of	  diamond	  nanowires	  for	  quantum	  information	  processing	  applications,"	  Diamond	  and	  Related	  Materials,	  19,	  621	  (2010)	  

2. T.M.	  Babinec,	  B.M.	  Hausmann,	  M.	  Khan,	  Y.	  Zhang,	  J.	  Maze,	  P.R.	  Hemmer,	  M.	  Lončar,	  "A	  bright	  single	  photon	  source	  based	  on	  
a	  diamond	  nanowire,"	  Nature	  Nanotechnology,	  5,	  195	  (2010)	  	  

3. B.J.M.	  Hausmann*,	  T.M.	  Babinec*,	  J.T.	  Choy*,	  J.S.	  Hodges,	  S.	  Hong,	  I.	  Bulu,	  A.	  Yacoby,	  M.D.	  Lukin,	  and	  M.	  Lončar,	  “Single	  
Color	  Centers	  Implanted	  in	  Diamond	  Nanostructures”,	  New	  Journal	  of	  Physics,	  13,	  045004	  (2011) 

4. I.	  Bulu,	  T.M.	  Babinec,	  B.M.	  Hausmann,	  J.T.	  Choy,	  M.	  Lončar,	  “Plasmonic	  resonators	  for	  enhanced	  diamond	  NV-‐center	  single	  
photon	  sources,”	  Optics	  Express,	  Vol.	  19,	  5268-‐5276	  (2011)	  

5. J.T.	  Choy,	  B.M.	  Hausmann,	  T.M.	  Babinec,	  I.	  Bulu,	  and	  M.	  Lončar,	  "Enhanced	  Single	  Photon	  Emmission	  by	  Diamond-‐Plasmon	  
Nanostructures.,"	  Nature	  Photonics,	  DOI	  0.1038/NPHOTON.2011.249	  

6. T.M.	  Babinec,	  J.T.	  Choy,	  K.J.M.	  Smith,	  M.	  Khan,	  and	  M.	  Lončar,	  “Design	  and	  Focused	  Ion	  Beam	  Fabrication	  of	  Single	  Crystal	  
Diamond	  Nanobeam	  Cavities,”	  J.	  Vac.	  Sci.	  Tech.	  B,	  29,	  010601	  (2011)	  

7. B.M.	  Hausmann,	  B.	  Shields,	  Q.	  Quan,	  P.	  Maletinsky,	  M.	  McCutcheon,	  J.T.	  Choy,	  T.M.	  Babinec,	  A.	  Kubanek,	  A.	  Yacoby,	  M.D.	  
Lukin,	  and	  M.	  Lončar,	  "Integrated	  diamond	  networks	  for	  quantum	  nanophotonics,"	  arXiv:1111.5330	  
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Controlling atom-like systems in diamond: from 
quantum optics to life science 

Mikhail Lukin 
Physics Department, Harvard University, Cambridge MA 02138 

 

Abstract 
 
We will discuss recent advances in quantum optical control of individual atom-like 
systems in diamond and their novel applications. Specifically, new methods for 
controlling of electronic spin states associated with Nitrogen Vacancy (NV) centers  
in diamond will be discussed. For example, we will show that  Coherent Population 
Trapping can be used for laser cooling and real time observation of nuclear 
environment of the NV centers.  Similar techniques are used to implement a room-
temperature quantum bit memory with coherence lifetime exceeding one second. In 
addition, realization of  quantum optical interfaces for the NV centers using nano-
scale diamond photonic cavities and nanomechanical resonators will be described. 
Finally, novel applications of these techniques will be discussed.  They include, in 
particular, nanoscale magnetic resonance imaging inside living  cells using quantum 
systems.  
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Boris Luk`yanchuk  
 
Data Storage Institute, Agency for Research, Science and  Technology,  Singapore 
DSI Building, 5 Engineering Drive 1, Singapore 117608 
 
FANO RESONANCES AND NEAR FIELD EFFECTS IN NANOSTRUCTURES 
 
Weakly dissipating plasmonic materials permit to realize non Rayleigh scattering 
from small plasmonic particles and to realize inverse hierarchy of optical resonances. 
They produce field distribution which is rather sensitive to variation of laser 
parameters. Weakly dissipating structures also produce high field enhancement which 
can be used in many applications. Another peculiarities of weakly dissipating 
plasmonic nanostructures are related to optical Fano resonance which has become 
observable with plasmonic and nanophotonic materials and nanostructures. The key 
issue for this resonance is the broken symmetry of corresponding structures. 
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Towards quantum engineering of atomic collective excitations 
 
Andrew MacRae, Travis Brannan and A. I. Lvovsky 
Department of Physics and Astronomy, University of Calgary, Calgary AB T2N 1N4 Canada 
 
The last decade has shown significant progress in creation, manipulation and measurement of increasingly 
complex states of the electromagnetic field. Fock states, their superpositions, optical qubits and Schrödinger 
cat states have been produced in the optical domain. We show how these methods can be extended to produce 
and characterize arbitrary quantum states of atomic collective excitations and present a proof-of-principle 
experiment to that effect. 
 
Specifically, we demonstrate the efficient generation of high purity narrow-bandwidth single photons from a 
transient coherent spin excitation in a hot atomic vapor cell with a single pump laser. Employing optical 
homodyne tomography, we fully reconstruct the density matrix and observe a Wigner function reaching zero 
at the phase space origin. The narrow bandwidth is accompanied by a high generation rate yielding an 
extremely high spectral brightness on the order of 20,000 photons/second per MHz bandwidth.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1: experimental setup. 
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A new twist on Feshbach resonances: heteronuclear

atomic mixtures in combined electric and magnetic fields

Kirk W. Madison
Department of Physics and Astronomy, University of British Columbia

+

Ed
B

Polar collision
magnetic and
electric fields

A Feshbach resonance (FR) arises due to coupling between a quasi-bound
molecular state in a closed collision channel and the scattering wave function
of colliding atoms in an open channel. Because the quasi-bound states and the
free atomic pair have, in general, different magnetic moments, their relative
energy difference can be tuned using an external magnetic field. When the
energy of the quasi-bound state is magnetically tuned into degeneracy with
the energy of the free atomic pair, a resonant scattering process occurs in
which the s-wave scattering length diverges and both elastic and inelastic
collision cross sections are dramatically enhanced.

When the collision involves two distinct atoms, the underlying molecular states can possess an electric dipole
moment. In this case, the application of an external electric field can couple the bound molecular states mixing
their orbital character and leading to level repulsion which breaks the degeneracy for different orbital angular
momentum projections. The result is that the electric field shifts the positions of intrinsic magnetic Feshbach
resonances, generates copies of resonances previously restricted to a particular partial-wave collision to other
partial-wave channels, and splits Feshbach resonances into multiple resonances for states of nonzero angular
momenta. This latter phenomenon offers a way to produce and tune an anisotropic interaction in atomic mixtures
and to produce p-wave molecules of particular orbital angular momenta projections [1].

In this talk, we discuss recent theoretical work and experimental progress on the realization and study of
these phenomena associated with electric field dressing of magnetically tunable Feshbach resonances.
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I. INTRODUCTION

l = 0 (1)

The discovery of magnetic field tunable Feshbach resonances has led to many groundbreaking

experiments in the field of ultracold atomic and molecular physics [? ? ? ]. Magnetic

Feshbach resonances provide a powerful tool to control microscopic interactions in ultracold

quantum gases [? ? ], o!er an extremely sensitive probe of interatomic interaction potentials

for collisions at ultracold temperatures [? ? ? ], and can be used to create ultracold

molecules by linking ultracold atoms [? ? ]. Feshbach resonances arise due to coupling

between a quasi-molecular bound state in a closed collision channel and the scattering wave

function of the colliding atoms in an open channel. The position of the bound state can

be tuned by changing the energy splitting between di!erent Zeeman states by external

magnetic fields. When the energy of the bound state is degenerate with the energy of the

atomic pair, a resonant scattering process occurs, the s-wave scattering length diverges and

both elastic and inelastic collisions are dramatically enhanced. Recent theoretical work has

also demonstrated the possibility of inducing Feshbach resonances in heteronuclear mixtures

of atomic gases by applying a dc electric field [? ? ? ? ? ]. The mechanism is based

on the interaction of the instantaneous dipole moment of the collision complex with the

external electric field. This interaction couples collision states of di!erent angular momenta

and the coupling becomes very significant at the location of a Feshbach resonance. This

coupling gives rise to s-wave resonances in the presence of p-wave resonances and may shift

the positions of s-wave magnetic resonances even far away from p-wave resonances. The

electric field may also induce the anisotropy of ultracold scattering by rotating and spinning

up the collision complex of ultracold atoms.

Electric-field-induced Feshbach resonances may o!er several advantages to study fun-

damental problems and explore new phenomena in ultracold physics. Electric fields can

be tuned much faster than magnetic fields. Electric field control of atomic collisions may

therefore be more versatile for quantum computation schemes than magnetic Feshbach reso-

nances. Electric-field-induced Feshbach resonances may be used to detect p-wave resonances

and the measurements of p-wave resonances in ultracold gases may provide essential infor-

mation for the analysis of interatomic interactions, especially for systems with anisotropic

2

I. INTRODUCTION

l = 1 (1)

The discovery of magnetic field tunable Feshbach resonances has led to many groundbreak-

ing experiments in the field of ultracold atomic and molecular physics [1–3]. Magnetic

Feshbach resonances provide a powerful tool to control microscopic interactions in ultracold

quantum gases [4, 5], o!er an extremely sensitive probe of interatomic interaction potentials

for collisions at ultracold temperatures [6–8], and can be used to create ultracold molecules

by linking ultracold atoms [9, 10]. Feshbach resonances arise due to coupling between a

quasi-molecular bound state in a closed collision channel and the scattering wave function

of the colliding atoms in an open channel. The position of the bound state can be tuned by

changing the energy splitting between di!erent Zeeman states by external magnetic fields.

When the energy of the bound state is degenerate with the energy of the atomic pair, a

resonant scattering process occurs, the s-wave scattering length diverges and both elastic

and inelastic collisions are dramatically enhanced. Recent theoretical work has also demon-

strated the possibility of inducing Feshbach resonances in heteronuclear mixtures of atomic

gases by applying a dc electric field [11–15]. The mechanism is based on the interaction of

the instantaneous dipole moment of the collision complex with the external electric field.

This interaction couples collision states of di!erent angular momenta and the coupling be-

comes very significant at the location of a Feshbach resonance. This coupling gives rise

to s-wave resonances in the presence of p-wave resonances and may shift the positions of

s-wave magnetic resonances even far away from p-wave resonances. The electric field may

also induce the anisotropy of ultracold scattering by rotating and spinning up the collision

complex of ultracold atoms.

Electric-field-induced Feshbach resonances may o!er several advantages to study fun-

damental problems and explore new phenomena in ultracold physics. Electric fields can

be tuned much faster than magnetic fields. Electric field control of atomic collisions may

therefore be more versatile for quantum computation schemes than magnetic Feshbach reso-

nances. Electric-field-induced Feshbach resonances may be used to detect p-wave resonances

and the measurements of p-wave resonances in ultracold gases may provide essential infor-

mation for the analysis of interatomic interactions, especially for systems with anisotropic

2

I. INTRODUCTION

l = 2 (1)

The discovery of magnetic field tunable Feshbach resonances has led to many groundbreak-

ing experiments in the field of ultracold atomic and molecular physics [1–3]. Magnetic

Feshbach resonances provide a powerful tool to control microscopic interactions in ultracold

quantum gases [4, 5], o!er an extremely sensitive probe of interatomic interaction potentials

for collisions at ultracold temperatures [6–8], and can be used to create ultracold molecules

by linking ultracold atoms [9, 10]. Feshbach resonances arise due to coupling between a

quasi-molecular bound state in a closed collision channel and the scattering wave function

of the colliding atoms in an open channel. The position of the bound state can be tuned by

changing the energy splitting between di!erent Zeeman states by external magnetic fields.

When the energy of the bound state is degenerate with the energy of the atomic pair, a

resonant scattering process occurs, the s-wave scattering length diverges and both elastic

and inelastic collisions are dramatically enhanced. Recent theoretical work has also demon-

strated the possibility of inducing Feshbach resonances in heteronuclear mixtures of atomic

gases by applying a dc electric field [11–15]. The mechanism is based on the interaction of

the instantaneous dipole moment of the collision complex with the external electric field.

This interaction couples collision states of di!erent angular momenta and the coupling be-

comes very significant at the location of a Feshbach resonance. This coupling gives rise

to s-wave resonances in the presence of p-wave resonances and may shift the positions of

s-wave magnetic resonances even far away from p-wave resonances. The electric field may

also induce the anisotropy of ultracold scattering by rotating and spinning up the collision

complex of ultracold atoms.

Electric-field-induced Feshbach resonances may o!er several advantages to study fun-

damental problems and explore new phenomena in ultracold physics. Electric fields can

be tuned much faster than magnetic fields. Electric field control of atomic collisions may

therefore be more versatile for quantum computation schemes than magnetic Feshbach reso-

nances. Electric-field-induced Feshbach resonances may be used to detect p-wave resonances

and the measurements of p-wave resonances in ultracold gases may provide essential infor-

mation for the analysis of interatomic interactions, especially for systems with anisotropic

2

Open channel

Closed channel

Energy

d-wave

p-wave

s-wave coupling leads to
level repulsion

s and d mixing

p mixing

Figure 1: Schematic of the bound molecular states responsible for Feshbach resonances (FRs) in the presence of
an electric field. The field couples states of different orbital angular momenta leading to level repulsion and state
mixing. This breaks the degeneracy for different orbital angular momentum projections leading to a splitting of
FRs. The mixing leads to the appearance of new s-wave resonances arising from p-wave bound states.
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Plasmonic nanoantennas for emission control: limits of the classical picture, plasmonic sinks, and cw Thz emitters 

 
Stefan A. Maier1* 

1Department of Physics, Imperial College London, UK 
 *s.maier@imperial.ac.uk 

 
Abstract-Plasmonic cavities with nanometric gaps will be examined with a view on the limits of the classical 
description using macroscopic electromagnetism at short length scales. Mode mapping using electron energy loss 
spectroscopy reveals that down to separations on the order of one nanometer, no quantum treatment is necessary. A 
new application of plasmonic nanocavities acting as sinks for the selective removal of unwanted states in active 
media will be presented, as well as applications in the THz regime for the generation of high-intensity cw radiation. 
 

Electron energy loss spectroscopy is a powerful method for the complete spectral and spatial mapping of plasmonic 
modes in metallic nanocavities, as it allows both the excitation of bright and dark modes [1]. Experimental results can 
readily be understood via straight-forward modeling of the energy loss process using classical electromagnetism, with line 
current sources approximating the excitation electron beam. Using electron beam lithography on ultra-thin membranes, we 
examine the validity of the classical picture via mode mapping of dimer bow tie antennas with gaps down to one nanometer 
(Figure 1), and find that classical electromagnetism is sufficient to explain the spectral features in this gap size regime. 

 
Figure 1. EELS mapping of plasmon modes in a bow tie antenna with a 3 nm gap, and comparison 
with classical electrodynamic simulations. 

Apart from enhancement of light emission [2], we show that plasmonic nanocavities can also be effectively utilized for 
the selective quenching of unwanted, long-lived states in emissive species [3]. This plasmonic sink concept will be applied 
to organic light emitters, and improvements in a decrease of photo-bleaching and achievable repetition rates in 
light-emitting devices quantified. 

Lastly, we demonstrate the dramatic enhancement of an active THz device using a nanoantenna concept – the 
generation of cw-THz generation using a photoconductive photo mixer [4], where the traditional interdigitated electrode 
region is replaced with a tip-to-tip nanoantenna configuration. Field enhancement of both the optical pumping beam and the 
THz emission leads to a 1-2 order of magnitude enhancement of cw emission, tunable over a broadband frequency 
bandwidth. 
REFERENCES 

1. Koh, A.L., Fernández-Domínguez, A.I., McComb, D.W., Maier, S.A., & Yang, J.K.W., High-resolution mapping of electron-beam-excited plasmon 
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properties of nanoemitters, Chemical Reviews 111, 3888 (2011) 

3. Kéna-Cohen, S., Wiener, A., Sivan, Y., Stavrinou, P.N., Bradley, D.D.C., Horsfield, A., & Maier, S.A., Plasmonic sinks for the selective removal of 

long-lived states, ACS Nano (online 2011, doi 10.1021/nn203754v) 

4. Tanoto, H., Tehng, J.H., Wu, Q.Y., Sun, M., Chen, Z.N., Maier, S.A., Wang, B., Chum, C.C., Si, G.Y., Danner, A.J., & Chua, S.J., Greatly enhanced 
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Spectroscopy of Colloidal Nanocrystals: From Photoluminescence Blinking to    
Multiexciton Energy Transfer.    

 
Anton V. Malko  

The University of Texas at Dallas  
 

Colloidal nanocrystals (NCs) have been at the forefront of the optoelectronics research since their 
initial discovery by Brus and co-workers. Strong research efforts have been applied to understand 
and engineer dynamics of multiexciton (MX) states in such NCs, specifically to address carrier 
multiplication and PL fluorescence intermittency (blinking) issues. Recently1, we developed a 
new class of “giant” CdSe/CdS multishell nanocrystals of CdSe cores overcoated with multiple 
layers of inorganic shells (CdS) and observed complete blinking suppression at time scales from 
milliseconds to minutes for dots with n>12 monolayers of CdS. In single dot PL measurements of 
such g-NCs we observed MX emission in steady-state PL at low (10 K) temperatures2. By 
analyzing steady-state and time-resolved PL traces we found that rates of Auger non-radiative 
recombination for MXs can be much less their radiative rates, allowing for significant fraction of 
multiexcitons to recombine radiatively.3 We also suggested that Auger rates for charged excitons 
(trions) depend crucially on carrier localization length and observed large differences for 
recombination rates of negative and positive trions. These observations allowed us to propose an 
ingenuous mechanism that explains observed blinking suppression.4 In following experiments, we 
studied hybrid film structures consisting of a thin layer of NCs “anchored” to a monolayer of J-
aggregates (JA) of a cyanine dye. Time-resolved and steady-state PL measurements indicated 
strong Forster energy transfer from NCs to JA layer. Such energy transfer might be of importance 
for hybrid photovoltaic and LED technologies.  
 
[1] JACS 130(15), 5026 (2008);  
[2] Nano Letters, 10(7), 2401‐2407 (2010); 
[3] Phys. Rev. Lett. 106, 187401 (2011); 
[4] Nano Letters, Article ASAP, DOI: 10.1021/nl2025272 
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Femtosecond Stimulated Raman Microscopy:
Developments and applications

Benjamin Marx¹, Evelyn Ploetz¹, Sebastian Bauer², Peter Gilch¹
 [1] Physikalische Chemie II, HHU Düsseldorf

[2] Institut für BioMolekulare Optik, Fakultät für Physik, LMU München

Abstract

Raman imaging combines the good correlation between molecular information and vibrational 
spectrum with the spatial resolution of light microscopy. Trivially, the information content increases 
with spectral coverage. So, ideally the complete Raman spectrum should be recorded as it is done in 
conventional Raman microscopy. In this way differences in 
chemical composition are e. g. exploited to discriminate cells 
or cell composition[1].
In the last years nonlinear techniques like Coherent 
Antistokes Raman Scattering (CARS)[2,3,4] and Stimulated 
Raman Scattering (SRS)[5,6,7] evolved towards broadband 
detection schemes and have been employed to study 
biological systems[2,3,4,7]. 
Our approach[5,6] relies on a spectrally broad Raman probe 
and spectrally narrow pump pulse. Spectral changes of the 
Raman probe due to stimulated Raman interaction are 
recorded with a multi-channel detector.
Thanks to the large bandwidth of sub 10fs lasers their output 
can serve immediately as Raman probe. The Raman pump 
pulse is generated in a Yb-based fiber amplifier. The pulse 
energies are ~0.7 nJ for the pump pulse and ~50 pJ for the 
probe pulse. Thus, this setup renders possible the application 
of Femtosecond Stimulated Raman Microscopy(FSRM) in 
biology. In this talk recording and analysis of two Raman 
micrographs will be presented.
(I) polymer microscopy standards made from PS and PMMA have been mapped. The two polymers can 
be easily differentiated by principal component analysis of the corresponding hyperspectral data set 
(see figure). 
(II) biological tissue has been imaged. This data has been processed by means of a cluster analysis. The 
characteristic cluster spectra show not only differences in the CH-stretch region and in water content, 
but also display characteristic bands in the spectral region from 1400-1700 cm ¹. To our knowledge⁻  
this is the first application of FSRM to tissue.
 
[1] R. Salzer and H. W. Siesler (Eds.), Infrared and Raman Spectroscopic Imaging, Wiley VCH (2009)
[2] S. H. Parekh et al., Biophys. J 99, 2695 (2010)
[3]C. Pohling et al.,  Biomedical Optics Express 2, 2110 (2011)
[4] J. P. R. Day et al., J. Phys. Chem. B 115, 7713 (2011)
[5] E. Ploetz et al., Applied Physics B 87, 389 (2007)
[6] E. Ploetz et al., Optics Express 17, 18612 (2009)
[7] C. W. Freudiger et al., Nature Photonics 5, 103 (2011)

PCA components of PMMA and PS 
beads dispersed in water. Arrows mark  
Raman resonances. For water a single  
point Raman spectrum is also displayed.
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Ultrafast magnetic dynamics probed using coherent X-rays from high-
harmonic generation 

 
S. Mathias,1,2 C. La-O-Vorakiat,1 P. Grychtol,1,3 P. Granitzka,1,2 E. Turgut,1 J. M. Shaw,4 R. Adam,3 H. T. 
Nembach,4 M. E. Siemens,1 S. Eich,2 C. M. Schneider,3 T. J. Silva,4 M. Aeschlimann,2 M. M. Murnane1, 

and H. C. Kapteyn1  
 

1Department of Physics and JILA, University of Colorado, Boulder, Colorado 80309-0440, USA 
2University of Kaiserslautern and Research Center OPTIMAS, 67663, Kaiserslautern, Germany 

3Peter Grünberg Institute, PGI-6 , Research Center Jülich, 52425, Jülich, Germany 
4Electromagnetics Division, National Institute of Standards and Technology, Boulder, Colorado 80305-3328, USA 

 
Rapid progress in ultrafast X-ray science worldwide, both in high-harmonic generation 
(HHG) and X-ray free electron laser sources, has paved the way for a completely new 
generation of experiments investigating ultrafast magnetic processes in complex 
materials with ultrahigh time-resolution and element-specificity. In the presented work, 
we use extreme ultraviolet (XUV) pulses from a HHG as an element-specific probe of 
ultrafast, optically driven, demagnetization dynamics in ferromagnetic Permalloy. We 
optically pump the Permalloy and probe the subsequent dynamics of the individual 
magnetic moments of Fe and Ni in Permalloy as a function of time. We show that for 
times shorter than the characteristic timescale for exchange interaction (sub 10 fs), the 
magnetization of Fe due to the optical excitation quenches more strongly than that of Ni, 
despite the strong exchange coupling that aligns their magnetic moments in 
thermodynamic equilibrium. Then as the Fe moments start to randomize, the 
ferromagnetic exchange interaction induces further demagnetization in Ni, with a 
characteristic delay determined by the strength of the coupling. We can further enhance 
this delay by lowering the exchange energy by diluting the Permalloy with Cu. Our 
ultrafast measurement explores for the first time the consequences of the fundamental 
exchange coupling on ultrafast magnetic dynamics in strongly coupled 3d-ferromagnetic 
systems, showing that distinct magnetization dynamics of the individual elements can be 
observed on timescales corresponding to the characteristic exchange time.  
 

 
 
C. La-o-vorakiat et al., PRL 103, 257402 (2009) 
S. Mathias et al., submitted. 

Schematic of the experiment. 
Ultrafast XUV pulses (purple) are 
reflected from a Permalloy grating 
sample, which spatially separates 
the harmonics to form a spectrum on 
a CCD camera. In the used “T-
MOKE” geometry, the reflected 
HHG intensity at the Fe and Ni M-
shell absorption edges (red and blue) 
depends on the magnetization that is 
periodically reversed by Helmholtz 
coils. Exciting the sample with an 
infrared laser pulse (red) causes the 
material to demagnetize on ultrafast 
timescales. 
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Quantum Opportunities in
Gravitational Wave Detectors

Nergis Mavalvala
LIGO Laboratory, Department of Physics,
Massachusetts Institute of Technology,

Cambridge, MA 02139, USA

Interferometric gravitational wave detectors are poised to launch a new era of gravitational wave
astronomy and unprecedented tests of general relativity. These detectors also provide opportunities
for studying quantum phenomena on unprecedented scales. The sensitivity of a new generation
interferometric gravitational wave detectors, currently being constructed, is expected to be almost
entirely limited by quantum mechanics. I will explore the quantum limit and describe experimental
progress toward circumventing it. I will discuss injection of squeezed states to mitigate photon shot
noise, and also mirror trapping and cooling experiments to maneuver the quantum limitation that
arises from the fluctuating radiation pressure force that light exerts on the movable mirrors of the
interferometer. These experiments will lay the foundations for higher sensitivity future detectors.

FIG. 1: Aerial view of the Laser Interferometer
Gravitational-wave Observatory (LIGO) at Hanford,
Washington, in the northwestern corner of the United
States. In addition to being world-class gravitational
wave detectors, the LIGO interferometers also provide
excellent testbeds for the study of quantum states of
light and of macroscopic objects. Photo courtesy of
LIGO Laboratory.
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Orbital angular momentum in the x-ray region 
 

Ian McNulty 
Argonne National Laboratory 

 
 

Waves carrying quantized orbital angular momentum have been demonstrated with sound 
waves, charged particles, and electromagnetic radiation spanning terahertz frequencies to 
the hard x-ray region. X-ray OAM experiments have yielded intriguing results unique to 
this part of the spectrum. We have generated x-ray OAM states of high topological 
charges using both refractive and diffractive optics [1], and are exploring their 
application to x-ray phase contrast microscopy, coherent diffraction, and magnetic 
dichroism [2]. Recently, it was found that Laguerre-Gauss modes are present in the 
harmonics radiated by circularly polarized undulators, opening the door to generation of 
intense x-ray OAM beams with free-electron lasers [3,4]. This talk discusses new results 
and some avenues for exploiting x-ray beams carrying OAM. 
 

 

 
 
 
Calculated intensity for the circularly 
polarizing undulator at the Advanced 
Photon Source, at 50 m distance 
from the source, a magnetic 
deflection of K = 2.77, and 830 eV 
photon energy (2.5 nm-rad, 0.1% 
coupling). 

 
_____________  
 
[1] A. Peele, K. Nugent, A. Mancuso, D. Paterson, J.P. Hayes, and I. McNulty, J. Opt. 
 Soc. Am. A21, 1575-1584 (2004). 
 
[2] M. van Veenendaal and I. McNulty, Phys. Rev. Lett. 98, 157401 (2007). 
 
[3] S. Sasaki and I. McNulty, Phys. Rev. Lett. 100, 124801 (2008). 
 
[4] E. Hemsing, P. Musumeci, S. Reiche, R. Tikhoplav, A. Marinelli, J.B. Rosenzweig, 
 and A. Gover, Phys Rev. Lett. 102, 174801 (2009). 
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Table-top soft x-ray laser microscopes for nano-scale 
dynamics and compositional imaging 

C.S. Menoni1,2,3† , S. Carbajo1,2, I. Kuznetsov1,2,  I. Howlett1,2,  J. Filevich1,2, F. Dong1,3, W. Chao1,5, E.H. Anderson1,5, A. V. 
Vinogradov7, I. A. Artioukov7, E.R. Bernstein1,3, K. Buchanan4, D.C. Crick5, M. C. Marconi1,2, and J.J. Rocca1,2,4 

1NSF ERC for Extreme Ultraviolet Science and Technology 
2Electrical and Computer Engineering, 3Department of Chemistry, 4Department of Physics, 5Microbiology, Immunology & Pathology,  

Colorado State University, Fort Collins, USA 
6Center for X-ray Optics, Lawrence Berkeley National Laboratory, Berkeley, USA 

7P. N. Lebedev Physical Institute, Moscow, Russia 
†Corresponding author: carmen.menoni@colostate.edu 

 
Advances in nanotechnology drive the development of powerful practical imaging systems that 

can resolve nanoscale objects and track their dynamics, and that can map chemical composition of 
samples at the nanoscale.   In this talk, I will discuss the recent demonstration of  two table-top soft x-ray 
laser-based microscopes: one capable to monitor dynamic nanoscale interactions, and another that can 
create images of sample composition with nanoscale lateral and depth resolution.  

The first, operating at λ=46,9 nm with ∼50 nm spatial resolution [1], was used in flash-imaging 
mode to visualize the dynamics of a rapidly oscillating magnetic cantilever tip interacting with a patterned 
magnetic sample (Fig. 1a-d) . Variations in the tip’s amplitude of 30 nm  caused by stray magnetic fields 
from the magnetized microsctructure structure were measured.  This type of interaction mimics that 
experienced by an oscillating cantilever tip in a magnetic-force microscope.  This proof of principle 
experiment of soft x-ray laser flash-imaging on a table-top coupled with the recent demonstration of 
picosecond soft x-ray laser pulses of 10 μJ energy at λ=13.9 nm opens exciting opportunities for imaging 
dynamics nanoscale processes with picosecond temporal resolution,  
 The second of these instruments consists of a scanning molecular imaging microscope that uses 
focused soft x-ray pulses to ablate holes in a sample’s surface with volumes of a few atto-liters. The ions 
created in the ablation process are analyzed using mass spectrometry to construct molecular composition 
images (Fig.1e). Two dimensional images with ∼250 nm lateral and ∼ 50 nm depth resolution were 
obtained.  The nanoscale spatial resolution and femto-gram mass sensitivity of the instrument was 
demonstrated by analyzing single shot mass spectra from metals, insulators, polymers and aminoacids.  
This soft x-ray laser based  instrument might make it possible to probe the chemical composition of  
single cells and  micro-organisms with unprecedented spatial resolution and sensitivity.  
 
 
 
 
 
 
 
 
 
 
 
 

Figure: a-d) Sequence of soft x-ray laser flash images of an oscillating nanoprobe tip. b) Composition map of a 
sample consisting of an indium-tin-oxide trench on photoresist. 

 
[1]   C. A. Brewer et al., “Single-shot extreme ultraviolet laser imaging of nanostructures with wavelength resolution,” Opt. Lett. 33, 518-520 

(2008). 
[2]  D. H. Martz et al., “High-energy 13.9 nm table-top soft-x-ray laser at 2.5 Hz repetition rate excited by a slab-pumped Ti:Sapphire laser,” Opt. 

Lett. 10, 1632-1634 (2010). 
Work supported by the National Science Foundation through Award EEC-0310717 and by NIH/NIAID grant AI-065357 
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New insight into wave-particle dualism demonstrated with Young’s double 
slit experiment via obtaining “which slit “ information and “interference” 

simultaneously 

 

Ralf Menzel 
Chair of Photonics, Institute of Physics and Astronomy, University of Potsdam 

Karl-Liebknecht-Str. 24, 14476 Potsdam, Germany 
Tel: +49 331 977 1026, Fax: +49 331 977 5576 

e-mail: photonics@uni-potsdam.de 

Abstract 

The particle and wave like properties of photons can impressively be demonstrated in the simple but 

very instructive Young’s double slit experiment. It was shown theoretically, e.g. by Englert 1, that 

measurements behind the slit can either provide information about the path of the single photons 
(which slit, “welcher Weg”, K = 1) or the interference pattern can be observed (fringe visibility, 
V = 1), with a continuous transition (K2+V2 = 1). This result was experimentally confirmed using 

SPDC (spontaneous parametric down conversion) photon pairs in delayed “choice” quantum eraser 

experiments [2, 3]. Today the question of “which-slit” versus “interference” in the double-slit 
configuration is as relevant as it was in the early days of quantum mechanics [e.g. 4]. 

For gaining some deeper insight we set up another experiment using a pair of SPDC photons but in our 
case they were generated by a double hump mode (TEM10) of the pump light. One of the SPDC 
photons, the signal photon, was applied for illuminating the double slit and measuring the single 
photon interference behind it. The other photon, the idler photon, was used in a reference measurement 
at the position of the slit using a polarizing beam splitter. 

First, the transversal pattern of the signal photons was obtained at the position of the slit as a function 
of the position of the entangled idler photons in a coincidence measurement. As new feature the 
transversal TEM10 mode structure for generating the spontaneous parametric down conversion 
provided us two separable light spots also in the SPDC light. From this coincidence measurement the 
“which-slit” information is available. 

In a second coincidence measurement the far field interference fringes were obtained for signal 
photons passing through one of the slits, only, selected by the position of the reference detector 
measuring the entangled idler photons. 

So far the here described results illuminate, to our knowledge for the first time, the intimate 
connection between the photon and its mode. 

[1] Englert, B.-G. Fringe visibility and which-way information: an inequality. Phys. Rev. Lett. 77, 2154-2157 
(1996). 

[2] Kim, Y.-H., Yu, R., Kulik, S.P., Shih, Y., Scully, M.O., Delayed “choice” quantum eraser. Phys. Rev. Lett. 
84, 1-5 (2000). 

[3] Torres-Ruiz, F. A., Lima, G., Delgado, A., Padua, S., Saavedra, C. Decoherence in a double-slit quantum 
eraser. Phys. Rev. A 81, 042104-1-9 (2010). 

[4] Kocsis, S. , Braverman, B., Ravets, S., Stevens, M. J., Mirin, R. P., Shalm, L. K., Steinberg, A. 
M. Observing the average trajectories of single photons in a two-slit interferometer. Science 332, 
1170-1173 (2011) 
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Turbulence-Free Ghost Imaging Experiments

Ronald E. Meyers, Keith S. Deacon and Arnold Tunick

US Army Research Laboratory, Adelphi, MD, 20783

ABSTRACT

Ghost imaging is leading to practial applications that have the potential to beat conventional imaging in par-

ticularly challenging environments. We present and analyze turbulence-free ghost imaging experiments that are

virtually free from the adverse effects of turbulence distortion. Obscurant penetrating Virtual Ghost Imaging

(VGI) experiments are also presented.

Recently remote imaging and stand-off detection have been accomplished using ghost imaging (GI).1 These

experiments suggested that ghost imaging might be free from the effects of turbulence distortions.1, 2 In this

study we report the first experiments that achieve turbulence-free ghost imaging3 that is virtually free from the

adverse effects of turbulence (Fig. 1). Single sensor Virtual Ghost Imaging experiments are also presented with

Bessel beam configurations that better illuminate objects in obscured, turbulent, and occluded environments.

Turbulence is induced by instability mechanisms and produces time-space variations in light propagation and

photon counts. In practice,4 turbulence in the atmosphere is never stationary and is generally inhomogeneous

and anisotropic. We performed ghost imaging experiments through turbulence caused by heating of the air,

inducing turbulent motion in the target and reference beam paths. Real-time imaging of the turbulence allows

us to investigate more detailed physics in the analysis of turbulence-free ghost imaging and its applications.

New applications are introduced that are extensions or spin-offs of ghost imaging, including sunlight ghost

imaging,5 thermal qubit quantum computing,6 and parametric down conversion quantum imaging.7

Figure 1. From left to right: (a) a ghost image of the letter "A", (b) an averaged classical image of the letter "A" followed

by three classical image "shots" of the letter "A" with turbulence (c)-(e). The classical images were taken through the

bucket detector arm. The ghost image is not adversely effected by the turbulence while the average of the classical images

shows significant degradation.
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Virtual Ghost Imaging Experiments at ARL

Ronald E. Meyers, Keith S. Deacon and Arnold Tunick

US Army Research Laboratory, Adelphi, MD, 20783

ABSTRACT

Preceeded by other nonclassical ghost imaging experiments on transmissive objects, the first Ghost Imaging (GI)

experiment by measuring reflected photons1 demonstrated that Ghost Imaging can be used for practical remote

sensing applications. Ghost imaging and related quantum imaging experiments have subsequently inspired a

number of virtual ghost imaging (VGI) experiments which may not have all of the properties usually associated

with two sensor ghost imaging. While VGI cannot capture key non-local nonclassical features and properties

that GI can, we experimentally demonstrate it can robustly perform remote sensing with a single distant detector

and different types of illuminations tuned to the applications. Results are compared with our stand off and

remote ghost imaging of 2D and 3D objects.1—3

In this study we report on experiments that achieve remote VGI where the illumination is propagated through

turbulence and obscurant distortion and attenuation. We were able to achieve recognizable images of 2D and

3D objects including the letters “ARL” and images of a 3D toy soldier shown in Fig. 1. Single sensor, obscured,

Bessel, and compressive GI experiments are also presented in Fig 1. Three case studies are presented: Case

A1 A2 A3

B C

Figure 1. Compressive GI/VGI Results: (A1) GI “ARL” with no disturbing media. VGI of 3D Soldier model with (A2)

1 and (A3) 3 pixel random pixel illuminations. (B) VGI of “ARL” with Bessel illumination propagating thru turbulent

media. (C) VGI of “A” with Bessel illumination propagating thru cloudy water.

(A) has no intervening disturbing media (GI Fig. 1 (A1)), (VGI Random pixel patterns: Fig. 1 (A2, A3)),

Case (B) has turbulence (VGI Fig. 1 (B)), and Case (C) has cloudy water (VGI Fig. 1 (C)). The self-mending

properties of “diffraction-free” Bessel beams aided penetration of obscurants and turbulence to enable VGI of

targets. Compressive techniques in VGI and GI increased the efficiency of imaging calculation of remote targets

although, sometimes a direct (2) or 
(2)

 calculation is preferred to preserve the integrity of the physics.
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All atomic generation and manipulation of squeezed light with Rb atoms

Eugeniy E. Mikhailov,1 Travis Horrom,1 Gleb Romanov,1 and Irina Novikova1

1The College of William & Mary, Williamsburg, VA, 23187, USA

Optical measurements with coherent states of light are fundamentally limited by quantum fluc-

tuations. The Heisenberg uncertainty principle sets the standard quantum limit (SQL) for the

product of the amplitude and phase light quadrature fluctuations. However, it is possible to de-

crease (squeeze) the quantum noise of one of the quadratures below the SQL and generate so called

“squeezed” light with a noise level below shot noise. Due to their unique properties, squeezed

states of light find applications in precision metrology and as carriers of quantum information. The

former requires noise suppression to be present at frequencies as low as 10 Hz and the ability to

modify the squeezing spectrum. The latter requires matching the squeezed light wavelength to the

atomic transition of the atom used for quantum storage, for example a 795 nm Rb D1 line.

Our squeezer is based on the polarization self-rotation (PSR) effect in an atomic medium,

when the light polarization axis rotates due to the nonlinear interaction of the orthogonal circular

polarizations constituting the light polarization basis. The same nonlinear interaction leads to the

squeezing of the vacuum mode orthogonal to the linearly polarized laser pump field.
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Here we report our results for squeez-

ing generation via the PSR effect in hot Rb

atoms and the subsequent manipulation of

the quantum noise spectrum by passing the

light through another cell with Rb atoms

under conditions of electromagnetically in-

duced transparency (EIT).

The benefits of this method for squeez-

ing generation are the simplicity of the ex-

perimental apparatus, low demand of the laser pump power (several mW is enough), and most

importantly, the generation of squeezing at atomic transition wavelengths suitable for quantum

memory and storage. This method could be extended to other atomic transitions, and could bring

squeezing to much shorter wavelengths which are unobtainable with conventional non-linear crystal

squeezers due to the increased absorption in crystals at these wavelengths.
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COHERENT MULTIDIMENSIONAL SPECTROSCOPY OF ENERGY AND CHARGE 
TRANSFER IN PHOTOSYNTHETIC REACTION CENTERS  

 
Shaul Mukamel 

Department of Chemistry, University of California, Irvine, Irvine, California 92697-2025, USA 

 
Energy- transfer and charge-separation pathways in the reaction center of photosystem II may be revealed 
by coherent two-dimensional optical spectroscopy.  The excited state dynamics and relaxation of 
electrons and holes are simulated using a two-band tight-binding model. The dissipative exciton and 
charge carrier motions are calculated using a transport theory, which includes a strong coupling to a 
harmonic bath with experimentally determined spectral density, and reduces to the Redfield, the Förster, 
and the Marcus expressions in the proper parameter regimes. The simulated third order two-dimensional 
signals, generated in the directions − k1+k2+k3, k1−k2+k3, and k1+ k2−k3, clearly reveal the exciton 
migration and the charge-separation processes.  Novel 2D signals that make use of entangled photons will 
be presented.   

We calculate the double-quantum-coherence signal of excitons generated at k4 =k1 +k2 − k3 by two 
pulsed entangled photon pairs (k1, k2) and (k3, k4), where all four modes are chronologically ordered. 
Entangled photons offer an unusual combination of bandwidths and temporal resolution not possible by 
classical beams. Contributions from different resonances can be selected by varying the parameters of the 
photon wave function. The signal scales linearly rather than quadratically with the laser field intensity, 
which allows performance of the measurements at low powers.  An assembly of non interacting atoms 
may become correlated upon interaction with entangled photons, and their density matrix can then show 
collective resonances. We explore experimental signatures of these resonances in the nonlinear response 
of a pair of two-level chromophores. We find that these resonances are canceled out in stimulated signals 
such as pump-probe and two photon absorption due to interference of two-photon-absorption and 
emission pathways in the joint two-particle space. However, they may be observed in photon statistics 
(Hanbury-Brown Twiss) measurements through the attenuation of two-time intensity correlations.  

1. "Energy Transfer and Charge Separation in the Reaction Center Photosystem II Investigated by Coherent 2D Optical 
Spectroscopy", D. Abramavicius and S. Mukamel, J. Chem. Phys. 133, 184501 (2010). 

2. "Signatures of Quasiparticles Entanglement in Multidimensional Nonlinear Optical Spectroscopy of Aggregates", S. 
Mukamel, J. Chem.Phys. 132, 241105 (2010). 

3. “Collective Two-Particle Resonances Induced by Photon Entanglement”, M. Richter, S. Mukamel, Phys.Rev. A, 83, 063805 
(2011). 

4. “Direct Evidence of Quantum Transport in Photosynthetic Light Harvesting Complexes”, G. Panitchayangkoon, D.V. 
Voronine, D. Abramavicius, S. Mukamel and G. S. Engel. PNAS (In Press, 2011). 

5. “Coherent Multidimensional Optical Spectroscopy Excitons in Molecular Aggregates; Quasiparticle vs. Supermolecule 
Perspectives”, D. Abramavicius, B. Palmieri, D. Voronine, F. Sanda and S. Mukamel, Chem. Rev. 109, 2350-2408 (2009). 
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A new Frontier for Nonlinear Optics—Bright Coherent 
Beams of keV-energy Photons from Tabletop Lasers 

 
Margaret M. Murnane and Henry C. Kapteyn 

Department of Physics, JILA, and NSF ERC in EUV Science and Technology, University of Colorado and NIST, Boulder, CO 80309 
E-mail: Margaret.Murnane@colorado.edu 

Recent work has allowed us develop a full understanding of the scaling of phase-matched upconversion of laser light 
using the high harmonic generation process. Paradoxically, phase matching of HHG to short wavelengths requires 
driving the process with long wavelength laser light— and there is no fundamental limit to the upconverted photon 
energy. This has allowed us to experimentally demonstrate the most extreme phase-matched nonlinear upconversion 
process to date, coherently combining over 5000 mid-IR femtosecond laser photons to generate bright ultra high-
order harmonics (HHG) spanning the electromagnetic spectrum from the UV to >1.6keV.[1-5] In a remarkably 
favorable convergence of nonlinear optical phenomena, the multi-atmosphere gas pressures that enable efficient x-
ray generation also support laser beam self-focusing,[6] further enhancing the x-ray conversion process. The 
generated x-ray beams exhibit full spatial coherence, despite the very high density of the gas where the recolliding 
electrons responsible for high harmonic generation can encounter other atoms during their free excursion.  

In a general picture of the HHG process, efficient  upconversion dictates the wavelength of the laser that drives 
the process, so that the order of the nonlinearity must dramatically increase from ~11 for generating vacuum UV, to 
>5000 for keV x-rays. The emission evolves from a single harmonic in the UV, to a broad x-ray supercontinuum 
spanning thousands of harmonics in the soft x-ray region that allows for pulses as short as 2.5 as. Experimental, 
numerical and analytic models validate this generalized picture.[2-4, 7, 8] This work essentially realizes a coherent 
version of the Roentgen tube in the soft x-ray region on a tabletop. Furthermore, we have shown that the 
macroscopic phase matching of the HHG process can compensate for a decreasing effective single atom nonlinearity 
as one generates much shorter wavelength light, making it possible to generate pulses with useful flux and 
unprecedented broad coherent bandwidth. This represents a new regime for HHG and for nonlinear optics.  
 
1. A. Rundquist et al., Phase-matched Generation of Coherent Soft X-rays. Science 280, 1412 (1998). 
2. T. Popmintchev, et al, The Attosecond Nonlinear Optics of Bright Coherent X-Ray Generation, Nature Photonics 4, 822 (2010). 
3. M.C. Chen et al., Bright, Coherent, Ultrafast Soft X-Ray Harmonics Spanning the Water Window from a Tabletop Light Source, PRL 105, 

173901 (2010). 
4. T. Popmintchev et al., Phase matching of high harmonic generation in the soft and hard X-ray regions of the spectrum, PNAS 106, 10516 

(2009). 
5. G. Andriukaitis et al., 90 GW peak power few-cycle mid-IR pulses from an OPA. Opt. Lett. 36, 2755 (2011). 
6. B. Shim, S. Schrauth, A. Gaeta, Filamentation in air with ultrashort mid-IR pulses. Opt. Express 19, 9118 (2011). 
7. C. Hernández-García et al., High-order harmonic propagation in gases within the discrete dipole approximation, PR A 82, 033432 (2010). 
8. T. Popmintchev et al., submitted (2011). 

 
Figure 1: A. X-ray supercontinua spanning 7.7 - 43 Å (He) and 14 - 43 Å (Ne). The dashed line shows the gas transmission. 
B, C. Young’s double slit diffraction patterns taken by illuminating 10 µm slits with the spectra shown in A. There is 
excellent agreement between the experimentally observed (gray area) and theoretically predicted (black line) diffraction 
patterns. The broad x-ray bandwidth and very low divergence of the HHG beams limits the number of fringes observed. The 
expected diffraction assuming incoherent illumination is also given, illustrating the high spatial coherence of the keV HHG. 
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Ionic coherence induced by ultrafast electron ejection 

Takashi Nakajima 

Institute of Advanced Energy, Kyoto University, Gokasho, Uji, Kyoto 611-0011, Japan 
nakajima@iae.kyoto-u.ac.jp 

It has been revealed in recent experimental studies that strong field ionization by phase-stabilized near-single-

cycle pulses can efficiently produce coherence in spin-orbit states of rare gas ions [1–3]. The underlying 

physics is that the ultrafast removal of the valence electron that occurs at every half-cycle of the optical field 

launches a spin-orbit wavepacket if the spin-orbit period is much longer than the half-cycle of the optical field. 

  In this paper we argue that ionic coherence can be produced without strong field ionization only if the 

duration of the pump pulse is sufficiently short [4]. A very similar idea has been presented in a recent paper 

for attosecond pulses [5]. Ionic coherence produced this way manifests itself in delay-dependent sequential 

double ionization and the variation of branching ratio in the doubly-charged products, and nuclear-spin 

polarization. 

The scheme we consider is shown in Fig. 1. The key is to have a pump pulse which is sufficiently shorter 

than the spin-orbit period of the ionic ground state of rare gas ions, np
5
 

2
P3/2 and 

2
P1/2.Under this condition, 

spin is not coupled to the electronic np
5
 state. After photoionization, however, the spin-orbit interaction is 

switched on in the np
5
 core. This argument clearly suggests that ionic coherence will be produced between np

5
 

2
P3/2 and 

2
P1/2. But how and to what extent coherence is produced cannot 

be easily understood as long as we stick to the coupled basis description, 

|(LcSc) Jc mJc>+|l ml>|s ms>, where the subscript c indicates that it is 

associated with the quantum number of the core, and the first and the 

second terms describe the np
5
 core and the photoelectron, respectively. 

In order to clarify exactly how and how much ionic coherence will be 

produced, we introduce the uncoupled basis description, |Lc mLc>|Sc 

mSc>+|l ml>|s ms>, since atoms are best represented by this state at the 

moment of electron ejection. 

    After the analysis, we have found that the sequential double ionization 

yield depends on the delay time between the pump and probe pulses. 

Furthermore, we have found that the yields of the three final products, 

A
2+

 np
4
 

3
P, 

1
D, and 

1
S, depend on the time delay between the pump and 

probe pulses as presented in Fig. 1(b) for Kr. Modulation would be 

larger (smaller) for Xe (Ne). 

    Clearly similar arguments hold not only for fine structure states but 

also electronic states with more pronounced effects if the pulses have an 

attosecond duration. This suggests that, with attosecond pump-probe 

spectroscopy, time delay between the pulses will serve as a new knob to 

control the branching ratios of final products, which is seemingly similar 

to the ordinary pump-probe scheme but essentially different, since the 

production of ionic coherence does not involve any resonance. 

 
[1] N. Rohringer and R. Santra, Phys. Rev. A 79, 053402 (2009). 
[2] E. Goulielmakis, et al., Nature 466, 739-743 (2010). 
[3] H.J. Wörner and P.B. Corkum, J. Phys. B 44, 041001 (2011). 
[4] T. Nakajima, at the Fourth International Conference "Frontiers of Nonlinear Physics" (July 13-20, 2010). 
[5] S. Pabst, L. Greenman, P.J. Ho, D.A. Mazziotti, and R. Santra, Phys. Rev. Lett. 106, 053003 (2011). 
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Fig. 1 (a) Level scheme. “ A” 
stands for rare gas atoms such 
as Ne, Ar, Kr, and Xe. (b) 
variation of the ionization 
yields into the three channels, 
4p

4
 

3
P, 

1
D, and 

1
S of Kr

2+
 as a 

function of delay time. 

(a) 

(b) 

1
D np

4
 

3
P 

ω2 

ω1 

Speaker: Takashi Nakajima
Session: Control of Light by Light
Schedule: Wednesday Morning Invited Session 2

PQE-2012 165



Suppression of Raman Resonances Using Magnetic Fields

S. A. DeSavage1, J. P. Davis2, and F. A. Narducci2∗
1 Aerospace Mass Properties Analysis, Inc., 214 North Main Street, North Wales, Pa 19454
2 Naval Air Systems Command, EO Sensors Division, Bldg 2187, Suite 3190, 48110 Shaw Rd

Patuxent River, MD. 20670

We have theoretically and experimentally studied Raman transitions in cold gases in arbitrary
magnetic fields. The Raman spectrum for 85Rb for an arbitrarily oriented magnetic field consists of
11 transitions, all distinct in frequency. By proper orientation of the magnetic field relative to the
Raman field, certain transitions can be suppressed, leading to a five-peak spectrum or a six-peak
spectrum, depending on whether the magnetic field is oriented transverse or longitudinal to the
direction of propagation of the Raman field.

The Raman spectrum in cold 85Rb atoms immersed in a magnetic field which is arbitrarily oriented
with respect to the propagation direction of the field driving the Raman resonance typically consists of 11
peaks [1]. These peaks are due to transitions that satisfy either ∆mF = ±1 or ∆mF = ±0. We show
that when the magnetic field is oriented transverse to the Raman propagation direction, the ∆mF = ±1
transitions can be suppressed, resulting in a five-peak spectrum (Fig. [1(a)].) On the other hand, application
of a longitudinal magnetic field results in a six-peak spectrum (Fig. [1(b)].) For an arbitrarily oriented field,
the spectrum displays eleven peaks. We also investigate Rabi cycling on both the magnetically insensitive
transition (∆mF = 0) and the magnetically sensitive transitions (∆mF 6= 0).

FIG. 1: (a) A measurement of the Raman spectrum when the magnetic field is transverse to the Raman propagation
direction. (b) A measurement of the Raman spectrum when the magnetic field is longitudinal to the Raman
propagation direction.

[1] S. A. DeSavage, K. H. Gordon, E. M. Clifton, J.P. Davis and F.A. Narducci, “Raman Resonances in Arbitrary
Magnetic Fields,” J. Mod. Opt. (accepted for publication).

∗Electronic address: francesco.narducci@navy.mil
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Beyond Stefan-Boltzmann Law: Thermal
Conductivity in Hyperbolic Media

Evgenii E. Narimanov1 and Igor I. Smolyaninov2

1Birck Nanotechnology Center and School of Electrical and Computer Engineering, Purdue University, West
Lafayette, IN 47907, USA

2 Department of Electrical and Computer Engineering, University of Maryland, College Park, MD 20742, USA

Abstract: We demonstrate that the broadband divergence of the photonic density of states in
hyperbolic media leads to giant increase in radiative heat transfer, beyond the limit set by the
Stefan-Boltzmann law. The resulting radiative thermal “hyper-conductivity” may approach the
heat conductivity via electrons and phonons in regular solids.

Originally introduced to demonstrate negative refraction [1] and to overcome the diffraction limit of optical imaging,
[2], [3] hyperbolic metamaterials demonstrate a number of novel phenomena resulting from the broadband singular
behavior of their density of photonic states, [4] which range from super-resolution imaging to enhanced quantum-
electrodynamic effects and new stealth technology. The nature of this “super-singularity” in hyperbolic metamaterials
can be understood from a visual representation of the density of states in terms of the phase space volume enclosed by
two surfaces corresponding to different values of the light frequency. For extraordinary waves in a uniaxial dielectric

metamaterial, the dispersion law
k2
‖

ε⊥
+

k2
⊥

ε‖
= ω2

c2 describes an ellipsoid in the wave momentum (k-) space (which reduces
to a sphere in isotropic media where ε‖ = ε⊥). The phase space volume enclosed between two such surfaces is then
finite, corresponding to a finite density of photonic states. However, when one of the components of the dielectric
permittivity tensor is negative, the iso-frequency surface is a hyperboloid. As a result, the phase space volume between
two such hyperboloids (corresponding to different values of frequency) is infinite , leading to an infinite density of
photonic states.

For the energy flux along the symmetry axis of a uniaxial hyperbolic metamaterial, we find

ST ' ζ T 2 (1)

where ζ = 5α
4 p (kmaxaB)

2 σ T 2
∗ = 1.35 · 107 p (kmaxaB)

2 W
m2K2 , α is the fine structure constant, σ is the Stefan-

Boltzmann constant, aB is defined by the unit cell size size in units of the Bohr radius aB, p is the (dimensionless)
hyperbolic bandwidth overlap factor which at room temperature approaches unity for most of the existing optical
hyperbolic metamaterials, and T∗ is the temperature corresponding to the electron rest mass energy T∗ = mec2

kB
=

5.93 ·109 K.
The radiative thermal flux defined by Eqn. (1) exceeds blackbody irradiance into vacuum, σT 4, by many orders of

magnitude. Quantitatively, for a hyperbolic metamaterial with the unit a ' 100 nm at room temperature we find the
radiative flux ST ∼ 100 W/cm2, thus firmly placing hyperbolic metamaterials in the realm of practical applications for
radiative heat transfer and thermal management.

References

1. D. R. Smith, D. Schurig, Physical Review Letters 90, 077405 (2003).
2. V. A. Podolskiy, E. E. Narimanov, Physical Review B 71, 201101 (RC) (2005).
3. Z. Jacob, L. V. Alekseyev, E. Narimanov, Optics Express 14, 8247 (2006).
4. I. I. Smolyaninov, E. E. Narimanov, Physical Review Letters 105, 067402 (2010).
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Understanding quantum measurement from a realistic, solvable model

Theo M. Nieuwenhuizen

Institute for Theoretical Physics, University of Amsterdam
Science Park 904, P.O. Box 94485, 1090 GL Amsterdam, The Netherlands
t.m.nieuwenhuizen@uva.nl

Textbooks describe ideal quantum measurements by two postulates: the col-
lapse of the wave packet and Born’s rule for the probabilities of outcomes. The
quantum evolution of a system then has two components: unitary (Hamiltonian)
in between measurements and non-unitary when a measurement is performed.
This split is considered as unsatisfactory by many people, including Einstein,
Bohr, de Broglie, von Neumann and Wigner.

We introduce and solve a realistic Hamiltonian model for a quantum mea-
surement within standard quantum statistical mechanics. The model describes
the measurement of the z-component of a spin through interaction with a mag-
netic memory. The latter apparatus is modeled by a Curie–Weiss magnet having
N � 1 spins weakly coupled to a phonon bath.

The Hamiltonian evolution exhibits several time scales. The reduction, a
rapid decay of the off-diagonal blocks of the system–apparatus density matrix,
arises from the many degrees of freedom of the pointer (the magnetization).
The information of the off-diagonal blocks gets lost in a shower of miniscule
multiparticle correlations.

The registration occurs due to a phase transition from the initial metastable
state to one of the final stable states. This transition is triggered by the tested
system and magnifies the small quantum signal. It yields a stationary state in
which the apparatus and the system are correlated. Under proper conditions
the process satisfies all features of ideal measurements, including collapse and
Born’s rule.

The irreversibility of the measurement is ensured by the large size of the
apparatus. Nothing else than the usual quantum statistical mechanics and
Schrödinger equation is needed, and the results support a specific version of
the statistical interpretation. In this light, other interpretations appear as non-
minimal.

The quantum measurement problem, that is, understanding why a unique
outcome is obtained in each individual run of an experiment, now gets a proper
setting and can be attempted.

This talk summarizes the review: Armen E. Allahverdyan, Roger Balian
and Theo M. Nieuwenhuizen, Understanding quantum measurement from the
solution of dynamical models, arXiv:1003.0453v1 (161 pages, 281 references).
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 Quantum Plasmonics and Plexcitonics 
 

Peter Nordlander, Laboratory for Nanophotonics, Department of Physics,  
Rice University, 6100 South Main, Houston TX 77005, USA 

Tel. ( 713)348-5171, Fax (713)348-4150, nordland@rice.edu 
 
 

 
 
 
A recently developed fully quantum mechanical approach for the description of plasmonic and 
excitonic nanoparticles and their interactions is presented. Quantum effects can have a pronounced 
influence on the electric field enhancements near the nanoparticle surfaces and on the optical 
properties strongly coupled nanoparticles.[1] For closely spaced metallic nanoparticles, electron 
transfer and nonlocal screening can drastically reduce the electric field enhancements across the gap 
and result in a Charge Transfer Plasmon (CTP) where an oscillatory electric tunneling current flows 
between the particles,[2] and strongly nonlinear effects can be induced.[3] The energy of the CTP is 
found to depend strongly on the electronic structure of the junction and the presence of molecules 
inside the gap.[2,4] For the coupled plasmonic-excitonic system where hybrid plexciton states are 
formed,[5] quantum effects can strongly modify the optical spectrum and a induce highly nonlinear 
response.  
  
[1] J. Zuloaga et al., Nano Lett. 9(2009)887, ACS Nano 4(2010)5269 
[2] O. Perez-Gonzalez et al., Nano Lett. 10(2010)3090,  
      L.S. Slaughter et al., ACS Nano 4(2010)4657 
[3] C. Marinica et al., submitted 2011 
[4] P. Song et al., J. Chem. Phys. 134(2011)074701 
[5] A. Manjavacas et al., Nano Lett. 11(2011)2318 
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Controllable switch from slow to fast light in an
N-bar configuration

Irina Novikova, Eugeniy E. Mikhailov, Nathaniel B. Phillip s
The College of William and Mary, Williamsburg, VA, 23185, USA

Simon Rochester, Dmitry Budker
University of California, Berkeley, Berkeley, CA, 91210, USA

inovikova@physics.wm.edu

Precise rotation sensors are critical components for stabilization, navigation, and targeting applications. At the
moment, the most sensitive commercial devices are optical gyroscopes based on Sagnac effect [1], in which the
rotational angular velocity can be inferred from the relative phase difference between two counter-propagating waves
inside a ring resonator.

Recent demonstrations of slow light pulse propagation in coherent optical media stirred active debate on the pos-
sibility of using slowed light pulses to enhance the Sagnac effect. It was quickly established that while neither large
positive (“slow light”) nor negative (“fast light”) dispersion hasdirect influence on the magnitude of the Sagnac phase
shift [2], it it is still possible to take advantage of a negative dispersion [3] to enhance gyroscope performance.

Here we analyze a potential realization and optimization ofsuch an enhanced optical gyroscope by finding a co-
herent light-atom interaction scheme that supplies a probeoptical field with controllably tunable dispersion from the
slow-light regime (dispersion∂n

∂ω > 0) to the fast light regime (∂n
∂ω > 0), without incurring optical losses. In particular,

we investigate a weak probe optical field propagation in a four-level N-scheme, shown in Fig.1(a). We demonstrate
that the process of resonant four-wave mixing enables the transformation of an EIT-based slow light regime into a
lossless fast light regime.

Fig. 1. (a) ConsideredN-scheme interaction with two strong optical fieldsΩ1,3, and a weak probe
optical fieldΩ2. (b,c) Real and imaginary part of the probe field density matrix elementρ2,3, directly
related to the atomic susceptibilityχ ∝ Nρ2,3, for various values of theΩ3 pump field.

In Fig. 1(b), the Rabi frequency ofΩ1 = 3 MHz, and the second pump fieldΩ3 is turned off. These conditions
demonstrate electromagnetically induced transparency (EIT) and a slow-light effect. As the second pump field,Ω3,
is turned on, two Raman gain peaks appear, at both positive and negative probe-field detunings, as seen in Fig.1(c).
As a result, for the frequency range near the probe zero detuning δ3,2 = 0 the EIT-based slow-light effect transitions
into a fast-light effect (as shown by the negatively-slopedrefractive index) with very minimal absorption or even gain,
making it attractive for an enhanced optical gyroscope realization.

We theoretically investigate this regime and identify the optimal range of parameters. We also demonstrate that this
effect is qualitatively immune to the Doppler averaging, and thus can be observed in a vapor cell-based experiment.

References

1. H. C. Lefevre,Optical Gyros and Their Application, pages 7:1–7:29. 1999.
2. G. B. Malykin,Physics-Uspekhi, 43(12):1229, 2000.
3. M. S. Shahriar, G. S. Pati, R. Tripathi, V. Gopal, M. Messall, and K. Salit,Phys. Rev. A, 75(5):053807, 2007.
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Electrical Excitation of Surface Plasmon Polaritons

Palash Bharadwaj1, Alexandre Bouhelier2 and Lukas Novotny1

1 Institute of Optics and Department of Physics and Astronomy, University of Rochester,
Rochester, NY 14627, USA.

www.nano-optics.org

2 Laboratoire Interdisciplinaire Carnot de Bourgogne, CNRS UMR-5209, Université de
Bourgogne, 21000 Dijon, France.

We exploit a plasmon mediated two-step momentum downconversion scheme to con-
vert low-energy tunneling electrons into propagating photons. Surface plasmon polaritons
(SPPs) propagating along an extended gold nanowire are excited on one end by low-energy
electron tunneling and are then scattered and converted to free-propagating photons at the
other end. The separation of excitation and outcoupling proves that tunneling electrons
excite gap plasmons that subsequently couple to propagating plasmons. Our work shows
that electron tunneling provides a non-optical, voltage-controlled and low-energy pathway
for launching SPPs in nanostructures, such as plasmonic waveguides. It demands metal
electrodes that can be easily integrated in a planar geometry and the low-voltages required
make it compatible with current complementary metal oxide semiconductor (CMOS) tech-
nology, thus enabling electron-photon signal transduction in nanophotonic devices.
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Figure 1: (a) Illustration of the experiment. Inelastic electron tunneling between a gold
tip and a single-crystal gold nanorod gives rise to surface plasmon excitation. Locally
excited surface plasmons propagate along the nanorod and scatter at the other end. Emitted
photons are collected by an index-matched NA=1.4 objective and then analyzed. (b) Photon
emission map superimposed to an SEM image. Inset: Intensity map along the nanowire
showing diffraction-limited emission peaks from both ends.
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The Efimov Effect in a Fermi Gas 

Kenneth O’Hara, Eric Hazlett, Jason Williams, John Huckans, Yi Zhang, and Ronald Stites 
The Pennsylvania State University, University Park, PA 16802 

 
Vitaly  Efimov  famously  predicted  that  three  identical  bosons with  resonant  short‐range  interactions 
admit an  infinite sequence of three‐body bound states related to one another by a discrete geometric 
scaling factor of 22.7.  Efimov’s effect is more broadly applicable, however, and similar spectra are also 
expected to occur in multi‐component Fermi systems and for distinguishable particles.   
 
We have experimentally studied the Efimov effect in a Fermi gas of atoms [1,2].  For a three‐component 
6Li Fermi gas, we observe  resonant  loss  features as we  tune  the  scattering  lengths which  result  from 
either  a  ground‐  or  a  first‐excited‐ 
Efimov  trimer  state  crossing  the  three‐
atom  scattering  threshold.    From  our 
measurements we can conclude that the 
two trimer states we observe are related 

by  a  geometric  scale  factor º22.7, 
identical to the scaling factor for bosons.  
We have also  identified where the first‐
excited Efimov trimer crosses the atom‐
dimer scattering threshold and find it to 
be  consistent with  the  prediction  from 
universal  scaling  theory  given  the 
expected  error  due  to  effective‐range 
corrections [3].   
 
An unanticipated result, however, is that 
the  three‐body  parameter  (which  fixes 
the  absolute  binding  energy  of  the 
entire  geometric  sequence  of  Efimov 
trimers)  appears  to  have  the  same 
simple relationship to the van der Waals 
length  scale of  the  two‐body  scattering 
potential as has been recently observed 
in  all  but  one  of  the  atomic  Bose 
systems.    Thus,  our  results  provide 
further  support  for  the  remarkable 
possibility  that  the  three‐body 
parameter  for a system of three neutral 
atoms can be predicted simply from two‐
body scattering parameters. 
 
 
 
[1] J. Huckans, J. Williams, E. Hazlett, R. W. Stites and K. M. O’Hara, Phys. Rev. Lett. 102, 165302 (2009). 
[2] J. Williams, E. Hazlett, J. Huckans, R. W. Stites, Y. Zhang and K. M. O’Hara, Phys. Rev. Lett. 103, 130404 (2009). 
[3] H.-W. Hammer, D. Kang, and L. Platter, Phys. Rev. A 82, 022715 (2010). 
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Figure  1.    (a)  Scattering  lengths  for  the  possible  pairwise  interactions
between  the  three  lowest‐energy  hyperfine  states  in 

6Li.    (b)  Binding
energies of the halo dimers (E12, E23, E13) associated with the Feshbach
resonances and (dashed) the ground‐state (n=0) and excited‐state (n=1)
Efimov  trimers.    (c)  Three‐body  loss  rate  coefficient  for  the  three‐
component  Fermi  gas.    Resonances  occur  when  an  Efimov  trimer
crosses threshold. 
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Vibrational Molecular Interferometry 

H.L. Offerhaus, E.T. Garbacik, S. Mukamel2, A.C.W. van Rhijn, C. Otto3, J.L. Herek 

Optical Sciences group, University of Twente, the Netherlands, 2Department of Chemistry, 

University of California, Irvine, USA  3Medical Cell BioPhysics group, University of Twente,  

the Netherlands 

We demonstrate an implementation of  a CARS microscopy method that is based on an interaction 

picture centered on the molecules, rather than the interacting fields, as proposed in1. It provides an 

intuitive and unified description of the various signal contributions, allowing easy extraction of the 

vibrational response. Three optical fields create a pair of Stokes Raman pathways that interfere in a 

single vibrational state. Frequency modulating two of the fields leads to amplitude modulations of the 

signals, which we refer to as vibrational molecular interferometry (VMI). The modulation depth that we 

observe is comparable to that found in SRS, and allows imaging at high speed free of the non-resonant 

background that plagues coherent anti-Stokes Raman scattering (CARS) measurements. The 

demonstration is on a narrowband system and does not offer a large improvement in practical terms 

over existing SRS strategies. The strategy is however not limited to narrowband CARS and broadband 

extensions are possible. Below is the energy diagram of the fields involved. This representation is typical 

of the field-centered approach. 

 

1 Rahav, S. & Mukamel, S. Stimulated coherent anti-Stokes Raman spectroscopy (CARS) resonances originate from double-slit interference of 
two-photon Stokes pathways. Proceedings of the National Academy of Sciences of the United States of America 107, 4825-4829, doi:DOI 
10.1073/pnas.0910120107 (2010). 

 

 

Figure 1 Energy level diagram showing (A) the OPO process, (B) the two vibrational pathways and an additional 

CARS process and (C) an SRS process. The subscript f denotes the fundamental, s denotes the OPO-signal, I 

denotes the OPO-idler. The asterix denotes that the fundamental has been shifted by 50kHz. 
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Microwave quantum logic gates for trapped ions 
C. Ospelkaus1,2, U. Warring1, Y. Colombe1, K. R. Brown1,3, J. M. Amini1,3, A. C. Wilson1,  

A. M. Meier1, E. Knill1, D. Leibfried1, and D. J. Wineland1 

1National Institute of Standards and Technology, 325 Broadway, Boulder, CO 80305 
2Present address: Leibniz Universität Hannover, Welfengarten 1, 30167 Hannover, and PTB, Bundesallee 100, 38116 Braunschweig 

3Present address: GTRI Georgia Tech, 400 10th Street NW, Atlanta, Georgia 30318, USA 

Most current schemes for Quantum Information Processing (QIP) with trapped ions implement quantum logic 
gates through a laser-induced state-dependent interaction between ions held in the same trap. We describe 
experiments in surface-electrode traps [1] that explore alternative ideas to these well-established techniques. In 
particular, we demonstrate Coulomb coupling between two ions held in individual traps separated by 40 µm [2]. 
The interaction between the ions is seen as an avoided crossing in the motional frequencies of the system. We 
observe oscillations of energy between the two mechanical oscillators at the single quantum level by measuring 
the time-dependent motional state populations of one of the ions. Beyond the fundamental analog of this 
quantum system to the classical system of two pendulums coupled via a spring, these results open up new 
experimental perspectives for quantum simulation, novel entangling schemes for QIP and for precision 
spectroscopy. 

Furthermore, we experimentally demonstrate a microwave near-field approach to quantum logic gates with 
trapped ions [3], where oscillating magnetic fields and field gradients from microwave currents propagating in 
the electrodes of a surface-electrode trap are used to implement single- and multi-qubit quantum logic gates. 
This approach has several important potential advantages with respect to operation fidelity and reduced 
complexity. With randomized benchmarking, we experimentally demonstrate [4] that this technique enables 
single-qubit gates with an infidelity of 2.0(2)∙10-5, below some estimates for fault-tolerant quantum information 
processing. In a different apparatus, to demonstrate the speed of single-qubit operations, we show that it is 
possible to implement pi pulses with durations less than 20 ns. We show how gradients of the microwave field 
enable coupling between motional and internal states of the ions and implement motional sideband transitions 
and microwave sideband cooling for a two-ion rocking mode. The ability to drive sideband transitions is a 
prerequisite for the implementation of an entangling quantum logic gate. We demonstrate the realization of such 
a two-qubit entangling quantum logic gate using a bichromatic microwave magnetic gradient field [5]. All 
operations are implemented on a magnetic-field insensitive qubit transition. Beyond the immediate scope of 
quantum logic, we discuss applications of these ideas to quantum simulation and spectroscopy. 

This work has been supported by IARPA, DARPA, NSA, ONR, and the NIST Quantum Information Program. 

[1]  S. Seidelin, J. Chiaverini, R. Reichle, J. J. Bollinger, D. Leibfried, J. Britton, J. H. Wesenberg, R. B. 
Blakestad, R. J. Epstein, D. B. Hume, W. M. Itano, J. D. Jost, C. Langer, R. Ozeri, N. Shiga, and D. J. 
Wineland, Phys. Rev. Lett. 96, 253003 (2006) 

[2]  K. R. Brown, C. Ospelkaus, Y. Colombe, A. C. Wilson, D. Leibfried and D. J. Wineland, Nature 471, 196 
(2011); see also M. Harlander, R. Lechner, M. Brownnutt, R. Blatt and W.Hänsel, Nature 471, 200 (2011) 

[3]  C. Ospelkaus, C. E. Langer, J. M. Amini, K. R. Brown, D. Leibfried, and D. J. Wineland, Phys. Rev. Lett. 
101, 090502 (2008) 

[4]  K. R. Brown, A. C. Wilson, Y. Colombe, C. Ospelkaus, A. M. Meier, E. Knill, D. Leibfried, and D. J. 
Wineland, PRA 84, 030303 (2011) 

[5]  C. Ospelkaus, U. Warring, Y. Colombe, K. R. Brown, J. M. Amini, D. Leibfried, and D. J. Wineland, Nature 
476, 181 (2011) 
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Lasers have overcome numerous technological limitations in the 50 years since their first demonstration; 

however, scaling their size below the diffraction limit of light has only recently been achieved [1-3]. Metal-based 

lasers now create and sustain coherent light well below the diffraction limit, by amplifying surface plasmon 

polaritons, the collective electronic oscillations of metal-dielectric interfaces. 

 

We first review our recent progress on semiconductor 

plasmonic lasers. These devices consist of a 

semiconductor nanowire [1] or square nanocrystal [2] 

sitting separated from a Silver substrate by a 5 nm 

insulating “gap” layer. Remarkably, the thickness 

(diameter) of the semiconductor nanocrystals can be 

just 50 nm, despite a much larger operation 

wavelength of about 500 nm. The close proximity of 

the high permittivity nanocrystal to the silver 

strongly confines propagating waves light normal to 

the plane. Meanwhile, the geometry edges provide 

sufficient feedback to achieve laser action. In 

particular, we report room temperature operation of 

the square devices, a key step towards applications. 
 

We go on to discuss the potential for using the “gap” 

region for probing light matter interactions. While the 

characteristics of conventional lasers are suited to 

light transmission over large distances, plasmon 

lasers are sources of nanoscopic light that is more 

suited to use within the laser itself. This especially 

relevant since the sizes of these optical excitations 

are now tantalizing close to those of solid state 

electronic wave-functions [4]. Not only does the 

nanowire laser geometry (eg. Fig. 1a and 1b) 

generate intense optical fields in the gap region due to the highly localized mode; it also strongly enhances 

vacuum fluctuations. Indeed, in new experiments we have found that spontaneous emission of Dye molecules, 

placed within the gap region are greatly accelerated, as shown in Fig 1c [5]. The capability to enhance both real 

and virtual photons could lead to extremely sensitive implementations of spectroscopy at the nanoscale. 
 

References 
 

[1] R. F. Oulton et al Nature 461 629-632, (2009) 

[2] Re.-M. Ma et al Nature Materials 10 110-113 (2011) 

[3] M. T. Hill et al Optics Express 17 11107 (2009) 

[4] M. A. Noginov et al Nature 460 1110-1113 (2009) 

[5] V. J. Sorger et al Nature Communications 2 331-334 (2011) 

[6] V. J. Sorger et al Nano Letters 11 4907-4911 (2011) 

 

Figure 1. Enhanced spontaneous emission in the 

nanoscopic gap of a plasmonic laser geometry. (a) 

Schematic of the laser waveguide with Oxazine-doped 

PMMA films. Nanowire diameter = 80-160 nm, length about 

5 m). (b) The waveguide mode’s deep sub-wavelength 

power distribution. (c) PL decay histograms giving the 

spontaneous emission lifetimes of Oxazine on Quartz and in 

the gap region of the laser structure. Purcell enhancements in 

excess of 50 are observed. 
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Abstract 

The spatial correlations between the photon pairs produced by spontaneous parametric down conversion (SPDC) 
have been investigated in a number of different configurations over the last two decades [1]. The high 
dimensionality of the transverse spatial degrees of freedom (DOF) of the photon pairs can be explored either by 
projections onto a discrete (infinite) basis, such as the LG modes, or by using a continuous basis defined by the 
transverse position or momentum of the photons. For instance, it has been shown that their transverse position and 
momentum display EPR-type correlations [2]. Despite the continuous and unbounded nature of both these bases, the 
most common measurements to date have relied upon the scanning of a single avalanche photodiode or a very small 
number of individual detectors. This sequential scanning or small number of detectors negates any information 
capacity advantage in the use of spatial states. 

Recent years have seen a rapid advance in imaging technologies, particularly for low light levels. Of these 
technologies the highest quantum efficiency is achieved using electron multiplying CCDs (EMCCD). Developments 
in low noise EMCCD cameras suggest they are capable of greater than 80% quantum efficiencies and if operated in 
an ultra-low light environment whilst being maintained at low temperatures, can provide single photon sensitivity 
[3]. EMCCDs have been used in measurements of sub-shot-noise correlations of intensity fluctuations [4, 5] as well 
as in intensity correlations measurements  [6] in the far field of the photon pairs from SPDC.  

Here we report the observation of spatial correlations from SPDC using an EMCCD camera in both the image 
and far-field planes of the down conversion crystal. We pump a BBO crystal at 355nm with a few milli-Watts of 
optical power and use a simple lens system to relay the down-converted light to an EMCCD array which can be 
positioned in either the image plane or the far-field of the crystal. Our photon flux is around 1/100 per pixel, which 
approximately doubles the signal obtained when the light is blocked. We typically record 100,000 individual frames 
and then sum the auto-correlation of the individual frames. We observed intensity correlation and anti-correlation in 
the image and far-field planes, respectively. In both cases we make the correlations more visible by subtracting a 
background which is obtained as the average correlation obtained between successive frames. Using this approach 
we are able to visualize the strength of the correlations in both position and momentum, showing a variance product 
nearly one order of magnitude below the classical limit in both x and y directions. 

 
Fig. 1. Measured marginal probability (left) for image-plane measurements, and for far-field measurements (right). 
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Bloch oscillations in two-dimensional nanostructure arrays 

 
Wei Pan 

Sandia National Labs 
 
Research on Bloch oscillations (BO) has gained a renewed interest, since a Bloch 
oscillator can be utilized as a solid-state, electrically-biased, frequency-tunable THz 
source and detector.  
 
So far, work on BO has mainly been carried out in vertical quantum well superlattice 
structures. On the other hand, a surface superlattice patterned into a two dimensional 
electron system (2DES) has long been proposed as an alternative device structure to 
generate BO. Compared to a vertical superlattice, a surface superlattice offers various 
advantages, for example, easy device fabrication and multiple fundamental frequencies. 
Furthermore, it has been shown that, in lateral superlattices, the electron-optical phonon 
scattering, one of the limiting mechanisms in achieving BO in vertical superlattices, can 
be completely suppressed and, thus, electrically generated BO is expected to become 
feasible. 
 
I will report here the experimental observation of negative differential conductance, one 
of the signatures of BO, in a series of lateral superlattices. In one sample, several current 
jumps were observed in the NDC region. Our theoretical modeling yields reasonable 
agreement with the experimental data. More measurements have been carried out in the 
so-called reversed Bloch oscillations and magneto-transport. In particular, in magneto-
transport measurements, evidence of the Bloch oscillations induced edge magneto-
plasmon resonance was observed.  
 
Sandia National Laboratories is a multi-program laboratory managed and operated by 
Sandia Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the 
U.S. Department of Energy’s National Nuclear Security Administration under contract 
DE-AC04-94AL85000. 
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Photoluminescence in Mn doped silicon nanocrystals 
 
Wei Pan, Sandia National Labs 
 
Spintronics, with combined magnetism and solid state electronics via spin-dependent 
transport processes, has generated much recent excitement. Such devices are expected 
lead to new electronic functionalities that will enhance the speed of information 
processing and storage density. The challenge lying ahead is to control magnetic 
phenomena at quantum length scales in reduced dimensions. Here we wish to report a 
hysteretic behavior in magneto-photoluminescence in Mn ion implanted silicon rich 
oxide (SRO) thin films. When the photoluminescence peak intensity is plotted against 
applied magnetic (B) field, surprisingly, a hysteretic behavior is observed for B sweeping 
up and down. This hysteretic behavior disappears when the temperature ~ 60 K. Similar 
measurements in the SRO sample without Mn-ion implantation was also carried out and 
no hysteresis is observable down to 1.3K. We propose that the origin of this hysteresis is 
probably due to a ferromagnetic order in Mn ion implanted thin films. 
 
Sandia National Laboratories is a multi-program laboratory managed and operated by 
Sandia Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the 
U.S. Department of Energy's National Nuclear Security Administration under contract 
DE-AC04-94AL85000. 
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Revival of silenced echo: a novel protocol for quantum light storage

M. Bonarota, V. Damon, T. Chanelière, J.-L. Le Gouët, and M. F. Pascual-Winter
Laboratoire Aimé Cotton, CNRS-UPR 3321,

Univ. Paris-Sud, Bât. 505,
91405 Orsay cedex, France

maria-florencia.pascual-winter@lac.u-psud.fr

Manipulation of atomic coherences is the basis of any quantum storage protocol. In large inhomoge-
neous broadened systems, additional coherence manipulation stages are often necessary for rephasing the
coherences. This is compulsory for the retrieval of the field and the delivery of the stored information.
The simplest procedure is based on the photon (spin) echo technique and it involves the application of
an optical (radio-frequency) π-pulse if the coherences to be rephased are of optical (hyperfine) nature.
This operation results in a population inversion and, more interestingly, in a complex conjugation of the
coherence. The latter effect enables the rephasing of the inhomogeneous atomic distribution.

In the case of optical coherences, some drawbacks have been identified [1] when attempting to store
non-classical fields by means of the photon echo technique: the π-pulse promotes the atoms to the
upper level, thus, the field retrieval taking place in a gain medium results in intrinsic noise. Alternative
procedures aiming at avoiding the rephasing pulse have been proposed and experimentally demonstrated
in a successful way [2]. Nevertheless, the photon echo protocol remains attractive due to its conceptual
and experimental simplicity and to its applicability to both optical and hyperfine coherences.
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FIG. 1: Experimental realization of
ROSE. Upper panel: Rephasing pulses
(RP1 and RP2). Lower panel: incident
(solid line) and retrieved (dashed line)
pulses.

We present an original quantum storage protocol based on the
photon echo technique: revival of silenced echo (ROSE) [3]. While
conserving the application of rephasing pulses, ROSE avoids popu-
lation inversion at the field retrieval stage, getting rid of the main
drawback of photon echo. This is obtained with the application
of two rephasing pulses. The second is aimed at suppressing the
annoying effect on population of the first one: it reverses the pop-
ulation back to the ground level. Therefore the field is retrieved in
a non-inverted medium. Special care is taken in order to prevent
the emission of the field after the first pulse as in standard photon
echo. In other words, the first echo is silenced, which explains the
choice of the protocol name. Non-fulfillment of the phase-matching
condition for the first rephasing pulse is the key element silencing
the first echo.

In Fig. 1 we present the experimental realization of ROSE on
a 0.5 at. % Tm3+:YAG crystal at 2.8 K for a classical light pulse.
The upper panel shows the two rephasing pulses (RP1 and RP2)
at t1 = 6.2 µs and t2 = 15.0 µs + t1. The lower panel shows
the incident and retrieved signal pulses. It is clearly observed that
no echo is emitted in between the rephasing pulses and that the
retrieved pulse arrives at the expected storage time 2(t2 − t1) = 30
µs. The retrieval efficiency is 28%. Theory predicts an efficiency
of 54%. The disagreement is mainly due to the finite coherence
lifetime of the optical transition.

[1] J. Ruggiero, J.-L. Le Gouët, C. Simon, and T. Chanelière, Phys. Rev. A 79, 053851-053858 (2009).
[2] W. Tittel, M. Afzelius, T. Chanelière, R. Cone, S. Kröll, S. Moiseev, and M. Sellars, Laser Photon. Rev. 4,

244-267 (2010).
[3] V. Damon, M. Bonarota, A. Louchet-Chauvet, T. Chanelière, and J.-L. Le Gouët, New J. Phys. 13, 093031

(2011).
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Measuring Optical Constants of Materials with Laser 
High Harmonics 
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Abstract: We developed an extreme ultraviolet (EUV) polarimeter, which employs laser-generated 
high-order harmonics to determine optical constants of materials. 

Laser-generated high harmonics offer a relatively high-flux, directional EUV source with easily rotatable 
linear polarization, which can be used to characterize the real an imaginary parts of the optical index of 
materials. We measured the optical constants of copper, uranium, and their natural oxides in the range 10-
47 nm. Fig. 1 shows a schematic of the setup.  For copper, our measurements reconcile previously 
conflicting data sets in this wavelength range. Disagreement apparently arose from a failure to keep 
samples from oxidizing before measurement.  Our measurements were performed in situ, where the 
samples remained under vacuum between deposition and measurement.  (Preventing materials from 
oxidizing is a challenge if one must travel with samples to a synchrotron source.) 

Uranium has been used as a reflector in the EUV, for example, in a multilayer coating onboard the 
IMAGE satellite.  However, difficulties with oxidation have prevented its careful characterization prior to 
our work. We used our polarimeter to characterize the optical constants of uranium and found that they 
differ from previous theoretical estimates, as shown in the right panel of Fig. 1.  

     

 
Fig. 1 (Left Panel) Polarimeter schematic (top view). 800 nm, 35 fs, and 10 mJ laser pulses are focused into a gas cell to 
generate harmonics. Thin films are deposited and polarized reflectance measurements are made in-situ. (Right panel) 
Optical constants of U are determined using a polarization ratio reflectance technique.  Also shown are measurements at 
nearby wavelengths by Faldt [1] and Cukier [2] and calculations by Henke [3]. 

To reduce the effects of noise and systematic measurement errors, we measured the ratio of p- to s-
polarized reflectance.  For materials deposited as thin films, the optical constants can be extracted from 
this ratio as efficiently as from absolute reflectance measurements. This ratio technique makes the 
measurements insensitive drift in our laser system and the accompanying variations in harmonic 
production. The ratio technique also has the advantage that less dynamic range is required of the detector. 

References 
1. A. Faldt and P. O. Nilsson, “Optical properties of uranium in the range 0.6-25 eV,” J. Phys. F: Metal Phys. 10, 2573 (1980). 
2. M. Cukier, P. Dhez, F.Wuilleumier, and P. Jaegle, “Photoionization cross section of uranium in the soft x-ray region,” Phys. 
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3. B. L. Henke, E. M. Gullikson, and J. C. Davis, “X-ray interactions: photoabsorption, scattering, transmission, and reflection 

at E=50-30000 eV, Z=1-92," Atomic Data and Nuclear Data Tables 54, 181 (1993).  
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Inside the Wavelength: 
seeing really small objects with light 

 
JB Pendry 

Imperial College London 
 
Light, though our eyes, gives us the most direct means of observing the world. 
Using a microscope we can see many objects invisible to the naked eye, but 
even the microscope has its limitations: it is impossible with a conventional 
microscope to resolve anything smaller than the wavelength of light. Typically this 
sets a resolution limit of about 0.5 microns. To do better than this and to ‘get 
inside the wavelength’ scientists have been seeking a deeper understanding of 
light and its component electric and magnetic fields in order to control these fields 
on a sub wavelength scale. I shall report on schemes for harvesting light to a 
focus much smaller than the wavelength and hence to very great energy density. 
Practical limitations will be discussed and shown not to prevent substantial 
enhancements to non linear phenomena and to spectroscopy. 
 

 
 
Incident radiation at ω1,ω2  interacts non linearly to produce ω1 +ω2  and ω1 −ω2 . 
The process is enhanced by harvesting energy to the site of the nonlinear 
material. 
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Probing Planck-scale physics with quantum optics

Igor Pikovski,1,∗ Michael R. Vanner,1 Markus Aspelmeyer,1 M. S. Kim,2 Časlav Brukner1

1 Faculty of Physics, University of Vienna, Austria
2 QOLS, Blackett Laboratory, Imperial College London, United Kingdom

∗ e-mail: igor.pikovski@univie.ac.at

One of the main challenges in physics today is to merge quantum theory and the theory of general relativity into
a unified framework. Various approaches towards developing such a theory of quantum gravity are pursued, but the
lack of experimental evidence of quantum gravitational effects thus far is a major hindrance. Yet, the quantization
of space-time itself can have experimental implications: the existence of a minimal length scale should result in
a modification of the Heisenberg uncertainty relation1. Such a concept of a generalized uncertainty principle is
found in many approaches to quantum gravity2.

Here we introduce a scheme that allows an experimental test of this conjecture by probing directly the canonical
commutation relation of the center of mass mode of a massive mechanical oscillator with a mass close to the
Planck mass. A sequence of pulsed optomechanical interactions3 is used to map the commutator of the mechanical
resonator onto the optical field. Modifications of the quantum commutation relation can be observed by measuring
the mean of the optical field, which can be performed with very high accuracy. Using state-of-the art quantum
optics technology, in particular the now available quantum optomechanics platforms that provide quantum control
over massive oscillators, our scheme allows to resolve possible commutator modifications even at the Planck scale,
i.e. in a regime of immediate relevance to quantum gravity.
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Left: The Heisenberg uncertainty relation and a modified uncertainty relation with modification strength β0. The
shaded region represents states that are allowed in regular quantum mechanics but are forbidden in the modified
theory. Distinguishing the two curves by position measurements is beyond experimental possibilities. However,
the optomechanical scheme proposed here (right) allows to circumvent these limitations: An optical pulse is used
to probe the underlying commutation relation of a massive mechanical oscillator and its possible quantum grav-
itational modifications. The scheme thus offers a feasible route to probe possible effects of quantum gravity in a
tabletop experiment.

1Garay, L. G. Quantum gravity and minimum length. Int. J. Mod. Phys. A10, 145 (1995).
2Witten, E. Reflections on the fate of spacetime. Phys. Today 49, 24-31 (1996)
3Vanner, M. R., Pikovski, I. et al. Pulsed quantum optomechanics. Proc. Nat. Acad. Sci. USA 108, 16182-16187 (2011).
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Quantum interferometric visibility as a witness of
general relativistic proper time

Magdalena Zych, Fabio Costa, Igor Pikovski, Časlav Brukner
Faculty of Physics, University of Vienna, Austria

Current attempts to probe general relativistic effects in quantum mechanics focus on preci-
sion measurements of phase shifts in matter-wave interferometry. Yet, phase shifts can always
be explained as arising from the Aharonov-Bohm effect, where a particle in a flat space-time is
subject to an effective potential. Additionally, all current experiments with matter-waves probe
only the Newtonian limit of gravity. Here we propose a quantum effect that cannot be explained
without the general relativistic notion of proper time [1]. We consider interference of a clock -
a particle with evolving internal degrees of freedom - that will not only display a phase shift but
also reduce the visibility of the interference pattern. According to general relativity, proper time
flows at different rates in different regions of space-time. Therefore the visibility will drop to
the extent to which the path information becomes available in the clock. Such a gravitationally
induced decoherence would provide the first test of the genuine general relativistic notion of
proper time in quantum mechanics.
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Left: Illustration of a clock in superposition on a curved background space-time. Right:
Schematic of a Mach-Zehnder interferometer in the presence of a gravitational acceleration
g. A matter-wave with an internal clock is split on a beamsplitter (BS) into a superposition
of paths 1 and 2, which differ in height by Δℎ. If the clock is precise enough to measure
the difference in proper times between the two paths, it will acquire which-way information.
The interferometric visibility will therefore be reduced due to the quantum complementarity
principle.

[1] M. Zych, F. Costa, I. Pikovski, Č. Brukner. Nat. Commun. 2, doi:10.1038/ncomms1498
(2011).
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Multimode Quantum Femtosecond Frequency Combs
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Feng,1, 3 Benôıt Chalopin,1, 4 Claude Fabre,1 and Nicolas Treps1

1Laboratoire Kastler Brossel, Université Pierre et Marie Curie – Paris 6,

ENS, CNRS; 4 place Jussieu, 75252 Paris, France
2ARC Centre of Excellence for Quantum Computation and Communication Technology,

Department of Quantum Science, The Australian National University, Canberra, ACT 0200, Australia.
3State Key Laboratory of Quantum Optics and Quantum Optics devices,
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4CNRS-Université de Toulouse, Université Paul Sabatier, Laboratoire Collisions,
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We report the experimental demonstration of a multimode non-classical fre-
quency comb produced by a femtosecond optical parametric oscillator.

Optical frequency combs are perfect tools for high precision metrological applications. Extend-
ing their extraordinary properties beyond the classical domain might lead to significant progress in
different areas of quantum physics, in particular in quantum metrology and parameter estimation
[1, 2], but also in quantum computation with continuous variables [3].

Multimode non-classical light involving tens of longitudinal modes of an OPO have been pro-
duced recently [4]. In the time domain, single mode squeezing of short pulses has been observed
in various experiments, starting from [5] in the nanosecond regime. Multimode squeezed solitons
have been generated in an optical fiber [6] and single mode quantum noise reduction in picosecond
frequency combs in the picosecond regime has been achieved with optical parametric oscillators
[7].

Using a synchronously pumped optical parametric oscillator in the femtosecond regime, we
observed that deamplified frequency combs were exhibiting intensity squeezing. By dividing
the optical spectrum into several continuous bands (“spectral pixels”) and analyzing the noise
properties of the beam over these pixels, we were able to prove that the states produced were
necessarily multimode. Using an eigenmode approach, we exhibited a mode basis of uncorrelated
squeezed states, consistent with theoretical studies[8].

[1] B. Lamine, C. Fabre and N. Treps, Phys. Rev. Lett. 101, 123601 (2008).
[2] O. Pinel, J. Fade, N. Treps and C. Fabre, arXiv preprint 1008.0844v1 (2010)
[3] S. Lloyd and S.L. Braunstein, Phys. Rev. Lett. 82, 1784 (1999).
[4] M. Pysher et al., Phys. Rev. Lett. 107, 030505 (2011).
[5] R. E. Slusher et al., Phys. Rev. Lett. 59, 2566 (1987).
[6] S. Spälter et al., Phys. Rev. Lett. 81, 786 (1998).
[7] R.M. Shelby and M. Rosenbluh, Appl. Phys. B 55, 226 (1992).
[8] G. Patera, N. Treps, C. Fabre and G.J. De Valcarcel, Eur. Phys. J. D 56, 123 (2009).
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From Nonlinear Optics to Nonlinear Plasmonics: 
Giant Nonlinear Polarization Effects in Metamaterials 

 
E. Plum and N. I. Zheludev 

Optoelectronics Research Centre and Centre for Photonic Metamaterials 
University of Southampton, Southampton SO17 1BJ, United Kingdom 

 
 
We report that engineering of chiral and nonlinear optical properties in plasmonic metamaterial allows the observation of 
Nonlinear Optical Activity that is millions of times stronger than in natural crystals.  
 
Observation of this giant polarization effect provides a powerful illustration that nanoscale nonlinear plasmonics of 
metamaterials offers extremely strong effects unfolding in nanoscale volumes of nonlinear medium that could lead to 
applications in modulation of light intensity and polarization in nanophotonic devices. 
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Low-diffraction beaming in plasmonic crystals 
Viktor A. Podolskiy1,*, Sandeep Inampudi1, and Igor Smolyaninov2 

1Department of Physics and Applied Physics, University of Massachusetts at Lowell, USA 
 2Department of Electrical and Computer Engineering, University of Maryland, USA 

*viktor_podolskiy@uml.edu 

Abstract: We analyze theoretically the propagation of electromagnetic modes guided by the 

periodic plasmonic structures, experimentally studied in Science 317, 1699 (2007). Full-wave 

solutions of Maxwell equations and analytical results both suggest the suppression of diffraction 

of guided modes, accompanied by formation of low-diffraction beams, observed in experiments. 

Complex plasmonic systems are emerging as flexible platform for manipulating the propagation of light on the 

surface[1]. Applications of plasmonic optics stem from the ability of surface waves, surface plasmon polaritons, to 

propagate the information corresponding to sub-wavelength features of the emitters. Emission in periodic plasmonic 

systems formed by arrays of PMMA stripes on Au substrate [2] have been experimentally shown to take the form of 

low-diffraction “beams”. Consequently, an array of concentric PMMA stripes deposited on the metal substrate was 

shown to act as a magnifying superlens, enabling the subwavelength resolution in the far-field of the source. 

However, despite exciting potential applications of this device, all existing analytical descriptions of this surprising 

phenomenon disregard the finite-thickness of the PMMA stripes[2,3], and do not adequately address the potential 

interference-related effects in these wavelength-scale periodic structures. Here we present an analytical description 

of optics of stripe-based plasmonic crystals free of above shortcomings.  

 We first analyze the light propagation in quasi-2D plasmonic arrays, shown in Fig.1a, formed by thin (     -

thick) stripes of PMMA, deposited on the Au substrate. The system is homogeneous in  -direction and is periodic 

(with period  ) in the  -direction. Numerically, propagation of electromagnetic modes in this system is described by 

generalized transfer matrix formalism [4], where the matrix  ̂ of one complete period of the plasmonic crystal 

relates the amplitudes of the modes in one plasmonic guide to the amplitudes of the modes in its counterpart one 

period away. Once the matrix of the periodic system is calculated, the quasi-wavevector   of the modes of the 

plasmonic crystal can be calculated via 

     | ̂       ̂|    (1) 

The results of these calculations are summarized in Fig.1b. In the same plot, the dispersion of the guided mode of 

the planar structure is compared to the dispersion of the bulk TE-polarized mode in the Bragg system [5] with 

refractive indices corresponding to the modal indices of SPP and the guided mode in the PMMA guide with 

thicknesses    and    respectively          , given by  

                                                  (2) 

Fig.1c shows the direction of the Poynting flux of the mode propagating in the system as a function of operating 

frequency and the incident angle. In vicinity of             the direction of the beam inside the structure, given 

by the Poynting flux, is almost independent of the 

incident angle, leading to the formation of the beams 

with strongly suppressed diffraction, similar to the one 

observed for free-space modes in Ref.[6]. The 

diffraction suppression is also observed in curved 

geometry as shown in Fig.1d.   

Acknowledgements: this research is supported by the 

NSF (grants# ECCS-0724763 and ECCS-1102183)  
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Fig.1. (a) schematic of the structure and profiles of the guided modes 

supported by the components; (b) dispersion of the guided mode in 
plasmonic crystal calculated with TMM calculations (surface) and 

with analytical Eq(2) (dots); (c) beam refraction angle in the 

plasmonic crystal; low-diffraction beaming region is illustrated with 
a rectangle. (d) beaming in circular plasmonic crystal, calculated with 

finite-element technique; the angle between the beam propagation 

and the direction of local radius is in agreement with (c).   
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Sub-Cycle Manipulation of a Photonic Band Structure 
 via Femtosecond Activation of Ultrastrong Light Matter Interaction 
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Recently, the novel regime of ultrastrong coupling (USC) of light and matter excitations has been reached in nanostructured 
optical cavities [1-4] and superconducting circuits [5]. In the USC limit, quantum emitters absorb and reemit virtual cavity 
photons at a rate ΩR which is comparable to the frequency of the bare cavity mode itself. Fascinating unconventional 
quantum electrodynamical (QED) phenomena have been anticipated once the vacuum Rabi frequency gets modulated on a 
time scale shorter than a single oscillation cycle of the resonant transition. Among the most intriguing predictions is the 
release of correlated vacuum photon pairs, reminiscent of the dynamical Casmir effect [6,7]. 
In a first generation of experiments, we managed to demonstrate that USC between the photonic modes of a planar 
semiconductor waveguide and the intersubband transition of embedded QWs can be switched on with unprecedented speed. 
To this end, we exploited 12-fs near infrared (NIR) pump pulses to activate the ISB resonance within a fraction of a single 
oscillation period of the involved eigenmodes [2]. Nevertheless, access to the relevant photonic and polaritonic bands was 
limited by geometrical boundaries and sub-cycle temporal resolution required an elaborate experimental setup. 
Here, we advance our scheme towards full control of the electromagnetic modes in time and space. We now incorporate a 
one-dimensional plasmonic crystal (PC) to our light matter coupling device: A gold grating is thermally evaporated on top 
of the heterostructure. The PC grating enhances the light matter interaction strength and folds the dispersion of the planar 
waveguide mode into the first Brillouin zone. This allows us to map out the full plasmo-photonic bandstructure using phase-
locked ultrabroadband THz transients by varying the angle of incidence. Electro-optic sampling records both amplitude and 
phase of the transmitted THz probe field with sub-cycle resolution. Eigenmodes are identified as transmission maxima. A 
collinear 12-fs NIR pump pulse injects electrons into the lowest conduction subband |1〉 of the QWs and activates light-
matter interaction between the guided plasmo-photonic mode and the |1〉 – |2〉 ISB transition. By varying the time delay 
between pump and probe pulse, we track dramatic modifications of the bandstructure occurring faster than a cycle of light. 
The ultrafast onset of light-matter coupling is investigated by probing the anti-crossing point where the bare photo-
plasmonic band and the ISB transition overlap in energy. A nonadiabatic change of the transmission spectrum manifests 
itself when the maxima of the pump and probe pulses coincide. Instead of the bare eigenmode, two resonances occur, 
corresponding to the lower (LP) and upper polariton (UP) branches. Surprisingly, the UP exhibits a lower amplitude than 
the LP and remains spectrally much broader, during the time window immediately following optical excitation. After a 
delay time of 340 fs, a maximum splitting 2ΩR of 14% of the ISB transition energy ω12 is reached and both polariton 
branches exhibit comparable intensity and width. Since abrupt switching events involve a broad spectrum of eigenmodes, 
we tentatively suggest that the asymmetric buildup arises from a novel scenario of quantum interference of the ISB 
transition with higher photonic bands. Simultaneously, the extreme coupling strength causes a dramatic flattening of the 
bandstructure. This fact gives rise to a slow-down of the group velocity by up to a factor of 13.  
In conclusion, we demonstrate a nonadiabatic activation of extremely strong plasmon-assisted light-matter interaction in a 
PC. An ultrafast collinear pump-probe configuration allows us to map out the full bandstructure and to resolve its dynamics 
on a time shorter than a single cycle of light. Most importantly, we observe an unexpected asymmetric dynamics of the 
polariton formation. The simplified experimental geometry and refined spatial and temporal control of light matter coupling 
in all four dimensions may bring the observation of novel QED phenomena like the emission of vacuum photons into reach. 
One may even speculate that the nonadiabatic control of the group velocity could ultimately allow switching of artificial 
event horizons corresponding to the ultrafast generation of white and black holes [8]. 
 
 

[1] D. Dini, R. Köhler, A. Tredicucci, G. Biasiol, and L. Sorba, Phys. Rev. Lett., vol. 90, p. 116401, 2003 
[2] G. Günter, A. A. Anappara, J. Hees, A. Sell, G. Biasiol, L. Sorba, S. De Liberato, C. Ciuti, A. Tredicucci, A. Leitenstorfer, and R. Huber,  Nature, vol.         
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Surface-sensitive four-wave mixing microscopy

Yong Wang, Xuejun Liu, and Eric O.Potma

Department of Chemistry, University of California, Irvine, CA 92697
Tel: 949-824-9942, Fax: 949-824-8571, E-mail: epotma@uci.edu

Abstract: A microscope technique is developed that enables surface-sensitive mea-
surements with four-wave mixing contrast.

Four-wave mixing (FWM) is a popular optical technique for examining the nonlinear optical prop-
erties of materials. A third-order nonlinear technique, FWM probes the bulk χ(3) properties of
the material. Unlike χ(2) sensitive techniques, FWM carries no specific surface sensitivity. There-
fore, it has remained a challenge to perform FWM measurements on surface structures, such as
surface-tethered molecules, with sufficient sensitivity.

We have developed a microscopy technique that enables surface sensitive FWM measurements.
This approach is based on the excitation of surface plasmon fields in a gold film. Using a wide-field
microscopy configuration, analogous to total internal reflection fluorescence (TIRF) microscopy,
only structures located within the evanescent surface field are excited. We will show that phase-
matching considerations dictate that only nanoscopic structures produce FWM radiation, whereas
the electronic background from the gold film is suppressed. We demonstrate surface-sensitive FWM
imaging of molecular clusters on surfaces and of individual carbon nanotubes.

Figure 1: Layout of the surface sensitive wide-field FWM microscope
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Strong interaction of a single molecule with (single) 
photons

M. Pototschnig1,2, Y. Chassagneux1,3, J. Hwang1,4, A. Maser5, G. Zumofen1,
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Abstract: A single molecule is  used to attenuate, phase shift  and amplify a laser 
beam at will. Single photons emitted by a molecule are then used to excite a second 
molecule at a distance.

Progress  in  three  decades  has  allowed carrying  out  optical  experiments  on  single 
emitters  such  as  atoms,  ions,  quantum dots,  and  molecules.  These  developments 
have almost exclusively relied on fluorescence measurements or on the usage of high 
finesse cavities.  A  few years  ago,  we showed that  a  single  emitter  could  also  be 
detected  directly  via  extinction  of  the excitation  light.  We argued that  the  key to 
imprinting a strong effect on an optical beam is its strong confinement to an area 
comparable with the absorption cross section of the emitter. Our experimental [1-4] 
and  theoretical  [5]  investigations  have  since  clearly  demonstrated  that  a  single 
emitter can not only attenuate a laser beam, but it can 
also amplify it or apply a phase shift to it. The graphs 
show examples of attenuation above 17% and a phase 
shift of  ±3°. Recently, we have also performed, for the 
first time, spectroscopy of a single emitter with a single-
photon stream generated by another single emitter [6].

[1] I. Gerhardt et al., Phys. Rev. Lett. 98, 033601 (2007)

[2] G. Wrigge et al., Nature Physics 4, 60-66 (2008)

[3] J. Hwang et al., Nature 460, 76-80 (2009)

[4] M. Pototschnig et al., Phys. Rev. Lett. 107, 063001 (2011)

[5] G. Zumofen et al., Phys. Rev. Lett. 101, 180404 (2008)

[6] Y. Rezus et al., Phys. Rev. Lett. under review, 
arXiv:1110.4255v1
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Einstein's Impossibility 

Mark G. Raizen  
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The Univ. of Texas at Austin, Austin, TX 78712 

 

ABSTRACT  

In 1907, Albert Einstein considered  the  instantaneous velocity of a Brownian 

particle, and proposed that this could be used as a testing ground for statistical 

mechanics.  However, he concluded that this would be impossible to measure 

in practice due  to  the very rapid randomization of  the motion.    In  this  talk,  I 

will  discuss  our  recent    measurement  of  the  instantaneous  velocity  of  a 

Brownian particle,  realizing Einstein's prediction  from 1907.   Our system  is a 

glass  microsphere  trapped  in  air  by  a  dual‐beam  optical  tweezer.    I  will 

describe  our  ongoing  efforts  to  measure  the  instantaneous  velocity  of  a 

Brownian particle in new regimes, as a testing ground for statistical mechanics. 

In parallel experiments, we have implemented feedback cooling to control the 

motion  of  a  trapped microsphere  in  vacuum.   We  are  investigating  optimal 

approaches toward cooling of the bead to the quantum ground state, and the 

preparation of superposition states of the bead.  This system should serve as a 

new testing ground for quantum mechanics of macroscopic objects. 
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Trapping and Interfacing Cold Neutral Atoms Using

Optical Nanofibers

A. Rauschenbeutel

Vienna Center for Quantum Science and Technology, TU-Wien – Atominstitut,
Stadionallee 2, 1020 Vienna, Austria

We have recently demonstrated a new experimental platform for the simultaneous trap-
ping and optical interfacing of laser-cooled cesium atoms [1]. The scheme uses a multi-
color evanescent field surrounding an optical nanofiber to localize the atoms in a one-
dimensional optical lattice about 200 nm above the nanofiber surface, see Fig. 1. At the
same time, the atoms can be efficiently interrogated with light which is sent through the
nanofiber. Remarkably, an ensemble of 2000 trapped atoms almost entirely absorbs a res-
onant probe field, yielding an optical depth of up to 30, equivalent to an absorbance per
atom of 1.5 %. Moreover, when dispersively interfacing the atoms, we observe a phase
shift per atom of ∼ 1 mrad at a detuning of six times the natural linewidth [2].
Our technique provides unprecedented ease of access for the coherent optical manipulation
of laser-cooled neutral atoms and opens the route towards the direct integration of laser-
cooled atomic ensembles within fiber networks, an important prerequisite for large scale
quantum communication. Moreover, our nanofiber trap is ideally suited to the realization
of hybrid quantum systems that combine atoms with solid state quantum devices. Finally,
the use of nanofibers for atom trapping allows one to straightforwardly realize intriguing
trapping geometries that are not easily accessible with freely propagating laser beams.

Figure 1: Experimental setup of the fiber-based atom trap. The blue-detuned running
wave in combination with the red-detuned standing wave create the trapping potential.
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Quantum dot – microlasers with external feedback – a chaotic system close to the 
quantum limit 
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Cavity quantum electrodynamics  (cQED) has become an emerging and  important  field on  fundamental  light‐

matter interaction as well as for highly efficient light sources such as single photon sources and quantum dot – 

microcavity  lasers.  Experimental  and  theoretical  studies  of  these  microlasers  indicate  a  highly  sensitive 

dependence  of  the  photon  statistics  on  the  device  features  and  photon  bunching  as well  as  non‐classical 

photon antibunching have been reported.  

In this work we address the unexplored field of lasing in microcavites with self‐feedback close to the quantum 

limit. A  finite  fraction  of  the  emission  of  an  electrically  driven  quantum  dot micropillar  laser  (Fig.  1  (a))  is 

reflected back into the microcavity by an external mirror. This self‐feedback results in a dramatic change in the 

photon statistics above threshold (Fig. 1 (c))  where the second order photon autocorrelation function at times 

zero, g(2)(), exhibits super‐thermal values up  to 3.51±0.06  (Fig. 1  (d))  [1]. This unique type of strong photon 

bunching  is observed close to and far above the  laser threshold and fundamentally differs from g(2)(0)=2 and 

g(2)(0)=1 expected for thermal light and coherent laser light, respectively.  

Super‐thermal bunching occurs simultaneously with a revival of the bunching signal with a round trip time of 

the  external  cavity  (Fig.  1  (d))  and  a  decrease  in  the  coherence  time  and  as  such  is  indicative  of  random 

intensity  fluctuations  associated with  the  spiked  emission  of  light  at  the  nW  level.  In  addition,  a  polarized 

feedback  to  the  stronger  lasing mode  A  induces  enhanced  photon  bunching  in  the  orthogonally  polarized 

weaker mode B which provides  insights  into the gain competition between the non‐degenerate fundamental 

lasing modes of the micropillar. The gain competition also allows for an efficient optical switching of the output 

intensity  by  a  cross‐feedback  between  the modes.  Our  results  could  pave  the way  for  nanoscale  physical 

random  number  generators  and  elements  in  advanced  secure  communication  networks with  synchronized 

chaotic intensities. 

 

[1] F. Albert et al., Nat. Comms. 2, 366 (2011) 

 
Figure 1: (a) Schematic view of a micropillar laser. g(2)()‐traces near (b) and above (c) threshold of mode A 
with and without feedback. (d) Super‐thermal bunching and revival of the bunching signal of mode B. 
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Generation of intense soft x-ray laser beams on a          
table-top:  probing and altering the nano-world 
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Progress in the development of compact and accessible soft x-ray lasers (SXRL) is opening  new opportunities to 
conduct a broad range of experiments with intense coherent soft x-ray light in small laboratory settings.  These 
applications include high resolution microscopes for the visualization of nano-scale dynamic processes, analytic 
probes capable of mapping the composition of materials with nano-scale resolution, and new nanopatterning and 
nanomachining tools. The development of diode-pumped driver lasers will further reduce the size of table-top 
SXRL. However, extending compact plasma-based lasers to shorter wavelengths is challenging due to the steep 
increase of the pump energy required.  We have recently demonstrate the efficient generation of intense sub-9-nm 
wavelength picosecond laser pulses of microjoule energy by a table-top laser. Gain-saturated lasing was obtained at 
8.85-nm wavelength by collisionally exciting lanthanum ions with fast electrons in a plasma rapidly heated by a  

picosecond optical laser pulse of only 4-Joule energy.  Furthermore, scaling of the result along the next several 
heavier elements of the lanthanide series resulted in lasing at several shorter wavelengths, down to 7.36-nm.  
Simulations show that in these dense plasmas the collisionally broadened laser transitions can support the 
amplification of sub-picosecond soft x-ray pulses, opening a path for the generation bright femtosecond soft x-ray 
laser pulses on a table-top. The short wavelength, microjoule pulse energy, ultrashort pulse duration, and repetitive 
operation of these lasers will enable new applications such the acquisition of movies of ultrafast nano-scale 
phenomena to be realized with compact laboratory settings.   Work supported by the NSF Eng. Research Center 
Program and the US Department of  Energy  
 

D. Alessi, Y. Wang, D. Martz, M. Berrill,  B. Luther, Y. Liu, M.Woolston ,and J.J. Rocca, “Efficient excitation of gain-saturated sub-9 nm    
wavelength table-top soft X-ray lasers and lasing down to 7.36 nm”,  Physical Review X (in press). 

Fig.1. End-on spectra showing lasing at progressively shorter wavelengths in the 4d1S0→4p1P1  
line of nickel-like lanthanide ions, down to 7.36-nm in nickel-like samarium 
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AMO physics of sodium laser guide stars and applications to mesospheric magnetometry

S. M. Rochester,1 J. M. Higbie,2 B. Patton,3 R. Holzlöhner,4 D. Bonaccini Calia,4 and D. Budker3, 5

1Rochester Scientific, LLC, El Cerrito, CA (http://rochesterscientific.com)
2Department of Physics and Astronomy, Bucknell University, Lewisburg, PA 17837

3Department of Physics, University of California, Berkeley, CA 94720-7300
4European Southern Observatory (ESO), Garching bei München, D-85748, Germany

5Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley CA 94720

Large ground-based telescopes require adaptive optics (AO) to compensate for image distortion induced
by atmospheric turbulence. A reference beacon is needed for the AO system to operate; if a natural star is
not suitably located, an artificial beacon can be created with a laser. Such a laser guide star (LGS) can be
produced using sodium atoms that exist in a ∼10 km layer centered at about 93 km altitude, which is in the
mesosphere. One excites these atoms with light at 589 nm, and then observes the resulting fluorescence.

FIG. 1: Fluorescent detection of magneto-
optical resonance of mesospheric sodium. (Di-
agram not to scale). Circularly polarized laser
light, modulated near the Larmor frequency,
pumps atoms in the mesosphere. The resulting
spin polarization precesses around the local
magnetic field. The observed fluorescence
exhibits a resonant dependence on the modu-
lation frequency.

Because of the very small collection angle and the expense
of high-powered lasers at 589 nm, detected photons are at a
premium. In order to optimize the brightness of the guide
stars, detailed understanding of light-atom interaction physics
is required. The creation of atomic spin polarization by optical
pumping, Larmor precession induced by the geomagnetic field,
velocity- and spin-changing collisions, and even atomic recoil
due to the interaction with light are among the mechanisms
that play a role [1]. Numerical modeling methods and results
for cw and pulsed lasers are discussed.

We also propose a scheme for adapting LGS technology to
the task of measuring geomagnetic fields in the mesosphere
[2]. This can be accomplished by modulating the laser and
looking for a resonance between the modulation frequency and
the atomic Larmor precession frequency, thus giving a direct
measurement of the magnetic field strength (Fig. 1). Such
synchronous pumping methods are well-established in atomic
magnetometry [3].

Measurement of magnetic fields on the few-hundred-
kilometer length scale is significant for a variety of geophys-
ical applications including mapping of crustal magnetism and
ocean-circulation measurements, yet available techniques for
such measurements are very expensive or of limited accuracy.
The proposed scheme offers dramatic reduction in cost, open-
ing the way to large-scale magnetic mapping missions.

[1] R. Holzlöhner, S. M. Rochester, D. Bonaccini Calia, D. Budker, J. M. Higbie, and W. Hackenberg, Astron.
Astrophys. 510, A20+ (2010), 0908.1527.

[2] J. M. Higbie, S. M. Rochester, B. Patton, R. Holzlöhner, D. Bonaccini Calia, and D. Budker, Proceedings of the
National Academy of Sciences (2011).

[3] E. B. Alexandrov, M. Auzinsh, D. Budker, D. F. Kimball, S. M. Rochester, and V. V. Yashchuk, J. Opt. Soc. Am. B
22, 7 (2005).
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Correlation spectroscopy of trapped dressed Dirac electrons in a quantum dot.

O. Roslyak, Godfrey and  Gumbs, 
Department of Physics, Hunter College, City University of New York,  \\ 695 Park Avenue, New Yor
k, NY, 10065
Shaul Mukamel
Department of Chemistry, University of California at Irvine, Irvine, CA, 92697

We demonstrate the localization of dressed Dirac electrons in a cylindrical quantum dot (QD) formed
 on monolayer and bilayer graphene by spatially different potential profiles. Short lived excitonic stat
es which are too broad to be resolved in linear spectroscopy are revealed by cross peaks in the photon
-echo nonlinear technique. Signatures of the dynamic gap in the two-dimensional spectra are discusse
d. For small QDs the main sourse of nonlinear signal is Pauli blocking. The effect of the Coulomb in
duced exciton-exciton scattering becomes significant for larger dots. Formation of biexciton molecul
es are demonstrated.
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Nanowires filled with nanoparticles:

application to solar cells

Suman Dhayal, Gopal Sapkota, Usha Philipose, and Yuri Rostovtsev

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

Telephone: 940-565-3281, Fax: 940-565-2515, E-mail: rost@unt.edu

Abstract

Gold nanoparticles have interesting properties of nano-antennas that focus the radiation field in

relatively small, much smaller than the wavelength of radiation, regions. Optical and electronic

properties of nanowires experiencing huge field enhancement can be modified due to this plasmonic

interactions. We have developed generalized Mie theory to demonstrated the effect of enhancement

of electric field near gold nanoparticles and study novel optical and electronic properties of these

new structures: nanotubes with the pores filled with metal nanoparticles and nanowires with

metal naoparticles as inclusions on their surface. In the talk, we discuss the applications of such

novel nanoscale hybrid metal/semiconductor composite in applications such as sensitive sensors

and efficient photovoltaics.

1
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Sub-shot noise spatial correlations applied to
imaging, metrology and sensing experiments

Ivano Ruo Berchera, Marco Genovese
Istituto Nazionale di Ricerca Metrologica (INRIM), Strada delle Cacce 91, 10135 Torino, Italy.

E-mail:i.ruoberchera@inrim.it
Quantum correlations of twin beams represent a resource of great importance for the developments of quantum

technologies allowing unprecedented results in quantum information, metrology and quantum imaging. Focusing on
the measurement of the photon numbers, spatial multimode correlations beyond the shot noise limit have been experi-
mentally demonstrated by using parametric down conversion (PDC) and CCD camera (both at the single photon level
and at higher photon flux) [1], and also with other interesting techniques [2]. One of their natural application is the
quantum imaging of weak absorbing objects, showed in Fig.1, with sensitivity beyond the shot-noise-level [3]. The
idea consists in measuring the intensity pattern on one branch of PDC, where the object has been inserted, and then
subtracting the correlated noise pattern measured in the other branch that does not interact with the object.

In our presentation we overview the sub-shot noise imaging protocol mentioned above and other applications where
the spatial quantum correlation can give some advantages over the classical ones. As an example, we studied the signal-
to-noise ratio (SNR) of ghost imaging protocols with quantum and classical light [4]. We realized a ghost imaging
experiment in the mesoscopic regime (one thousand of photon per pixel per shot), obtaining substantial quantum
enhanced performances (see Fig.1). We also demonstrated that spatial quantum correlations provide the possibility for
the absolute calibration of analog and/or photon number resolving detectors, providing the first absolute calibration
(without any comparison with reference standards, neither optical source nor detector) of a scientific CCD camera [5].
In this first realization we already reached interesting uncertainty level.

All these findings indicate that the control and detection of quantum spatial correlation is a rather mature field and
other application to different sensing scenarios can be envisaged.

Fig. 1. Comparison of signal-to-noise ratio in imaging protocols obtained with quantum and classical photon
number correlation: a) Detection of weak object, b) ghost imaging protocols

References

1. J.-L. Blanchet et al., Phys. Rev. Lett. 101, 233604 (2008); O. Jedrkievicz et al., Phys. Rev. Lett. 93, 243601 (2004); G.
Brida et al., Phys Rev. Lett. 102, 213602 (2009).

2. V. Boyer, A. M. Marino and P. D. Lett, Phys. Rev. Lett. 100, 143601 (2008); N. Treps et al., Science 301, 940 (2003).
3. E. Brambilla et al., Phys. Rev. A. 77, 053807 (2008); G. Brida, M. Genovese and I. Ruo Berchera, Nat. Phot. 4, 227 - 230

(2010); G.Brida et al., Phys. Rev. A 83, 063807 (2011).
4. G.Brida et al., Phys. Rev. A 83, 063807 (2011).
5. G. Brida et al., Opt. Exp. 18 (20), 20572-20584 (2010).
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Electromagnetically Induced Transparency with 
Resonant Nuclei in a Cavity 

R. Röhlsberger, H. C. Wille, K. Schlage, and B. Sahoo  

Deutsches Elektronen Synchrotron DESY,Notkestr. 85, 22607  Hamburg, Germany 
 

A planar cavity can be employed to prepare superradiant states of excited atoms that 

are coupled to the standing wavefield in a cavity mode. This principle has been 

applied recently to observe the collective Lamb shift LN in single-photon 

superradiance from resonant 57Fe nuclei that have been excited by pulses of 14.4 

keV synchrotron radiation [1]. The 57Fe atoms have been embedded as a single ~1 

nm thick layer in the center of a cavity consisting of a carbon guiding layer 

sandwiched between two Pt layers acting as mirrors [2], see Fig. 1a. 

 

Here we show that a planar cavity containing 

two ultrathin layers of resonant Mössbauer 

nuclei exhibits electromagnetically induced 

transparency (EIT) [3]. Nuclear resonant EIT 

occurs if the two layers are placed in a node 

and an antinode of the cavity mode, as shown 

in Fig. 1b. The interaction with the radiation 

field in the cavity lifts the radiative degeneracy 

of the nuclear levels: While the layer in the 

antinode exhibits strong superradiant 

enhancement of its decay width, the layer 

located in the antinode remains subradiant and 

thus corresponds to the metastable state in the 

three-level scheme of an EIT system. The 

radiation field in the cavity mixes these two 

levels and the resulting quantum interference 

eventually leads to a pronounced transparency at the exact resonance energy of the 

nuclei where the system is completely opaque otherwise.  

 

We investigate nuclear resonant EIT for the 14.4 keV nuclear resonance of 57Fe. First 

experimental results obtained at the PETRA III synchrotron radiation source at DESY 

(Hamburg, Germany) are presented [3]. 

 

References 
[1]  R. Röhlsberger, K. Schlage, B. Sahoo, S. Couet, and R. Rüffer,  

      Science 328, 1248 (2010). 

[2]  R. Röhlsberger, J. Mod. Opt. 57, 1979 (2010). 
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Electromagnetically Induced Transparency via 
Cooperative Emission in a Cavity 

R. Röhlsberger, H. C. Wille, K. Schlage, and B. Sahoo  

Deutsches Elektronen Synchrotron DESY,Notkestr. 85, 22607  Hamburg, Germany 
 

The physics of cooperative emission from atoms in cavities bears a multitude of 

interesting phenomena even in the linear regime where the atom - cavity interaction 

can be treated in the weak-coupling limit. This is typically the case at x-ray 

wavelengths to be investigated here. Due to its high resonant cross section the 14.4 

keV transition of 57Fe is a well-suited two-level system for such studies. This isotope 

was recently employed to explore superradiant emission and the collective Lamb 

shift for a single ensemble of atoms located in an antinode of the field within a planar 

cavity [1]. 

 

A qualitatively new situation is encountered when two 

resonant 57Fe layers instead of one are placed in a 

cavity, as sketched on the right. A pronounced EIT dip 

in the cavity reflectivity is observed when one of the 
57Fe layers is located in a node, the other one in an 

antinode of the standing wave in the cavity [2,3]. 

Cooperative emission plays a crucial role for EIT in this 

system: While the layer in the antinode exhibits strong 

superradiant enhancement of its decay width, the layer 

located in the antinode remains subradiant and thus 

corresponds to the metastable state in the three-level 

scheme of an EIT system. The radiation field in the 

cavity mixes these two levels and the resulting quantum 

interference eventually leads to a pronounced 

transparency at the exact resonance energy of the 

nuclei where the system is completely opaque 

otherwise.  

 

We expect that this technique, based on coherent light scattering, can be generally 

applied to any ensembles of resonant emitters (atoms, ions, quantum dots) properly 

placed in optical cavities. 

 

References 
[1]  R. Röhlsberger, K. Schlage, B. Sahoo, S. Couet, and R. Rüffer,  

      Science 328, 1248 (2010). 

[2]  R. Röhlsberger, Friday morning invited session 1 (X-ray Quantum Optics) 
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Universal Quantum Simulators for Fun & Profit

Barry C. Sanders
Institute for Quantum Information Science, University of Calgary, Alberta T2N 1N4, Canada

By making certain classically intractable compu-
tational problems easy to solve with quantum algo-
rithms, quantum computers offer the possibility of
long-term disruptive capability in problem-solving.
However, in the shorter term, the original motivation
of quantum computers being efficient universal simula-
tors of quantum dynamics is even more exciting [1, 2].
Quantum simulators are especially important to physi-
cists as a potentially efficient means to discover oth-
erwise hard-to-evaluate properties of Hamiltonian sys-
tems. Furthermore just dozens of qubits and dozens of
quantum gates on a quantum Turing machine [3] are
required to exceed the processing capability of current
and foreseeable classical computers, which makes use-
ful quantum simulators feasible in the near future [4].

“Digital” quantum simulators [5–7] are a hot topic
now, and the first prototype has been realized ex-
perimentally [8]. The term “digital” is employed to
separate a circuit-based quantum simulation from an
experiment specifically designed to emulate a given
Hamiltonian, which is known as “analogue” quantum
computation [9]. Scalable “digital” quantum simula-
tion would require strategies such as quantum error
correction, but, for now, the experimental challenge is
to realize quantum simulation even without scalability
hence without the onerous quantum error correction
overhead.

Practical universal quantum simulators will be valu-
able for studying spectral properties or ground states
of Hamiltonians [10–12] and perhaps in relativistic

quantum field theory to determine particle scatter-
ing [13]. The quantum simulator is also applicable
to studying open-system dynamics [6]. Moreover, the
quantum simulator has applications beyond modeling
physical systems, for example simulating quantum-
walk dynamics [12, 14] or solving otherwise-intractable
problems concerning giant sets of linear coupled equa-
tions [15]. Quantum algorithms for Hamiltonian-
generated evolution [2, 12, 14, 16] are directly em-
ployed in the linear-equations problem to solve cer-
tain functions of its solutions exponentially faster than
known classical algorithms [15].

I present an historical account of quantum simula-
tor research since Feynman’s proposal of a universal
quantum simulator [1] and Deutsch’s quantum Turing
machine for implementing quantum computation [3].
Then we delve into the essence of quantum algorithms
for realizing universal quantum simulation based on
Lie-Trotter-Suzuki expansions and the assumption of
sparse Hamiltonians [12, 14]. Simulations of n-qubit
k-local Hamiltonians [17] are amenable to highly ef-
ficient quantum-circuit constructions [6, 18]. Time-
dependent Hamiltonian evolution poses special chal-
lenges but also great benefits such as adiabatic state
generation [12, 16, 19]. Finally we will explore experi-
mental developments in realizing quantum simulation
in various systems such as the Rydberg atom simula-
tor [6] and ion trap realization [8].

Financial support:– NSERC, AITF, CIFAR, MI-
TACS, PIMS and USARO.
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Photoionization dynamics in the presence of attosecond pulse 
trains and strong fields 

Arvinder Sandhu 
Department of Physics and College of Optical Sciences, University of Arizona, Tucson, AZ, 85721 

sandhu@physics.arizona.edu 
 
Attosecond light pulses have emerged as a powerful tool for probing fast dynamics occurring on 
the natural timescale of electrons. Experiments in this regime typically employ a precisely-timed 
combination of weak-field attosecond XUV pulses and strong-field femtosecond near-infrared 
(IR) laser pulses. The physics of such two-color interactions spanning widely different field 
strengths is quite rich and complex, even for simple electronic processes such as photo-
ionization. The transient changes in the atomic and molecular structure and the quantum 
interferences between multiple excitation and ionization pathways determine the resulting 
electron dynamics.  

We will present our experimental and 
theoretical results on the ionization dynamics 
in Helium atoms exposed to XUV attosecond 
pulse trains and moderately strong multi-cycle 
infrared (IR) fields. In our work, we obtain 
real-time measurement of the non-equilibrium 
structure of Helium and quantum interferences 
in photo-excitation pathways1. The Floquet 
formalism is invoked to model the dressed 
atomic state as a manifold of Fourier 
components spaced by the laser frequency2. 

We demonstrate that the ionization-yield 
oscillates due to interference between photo-
excitation terms for various components of a 
given Floquet state. Phase of this interference 
signal is determined by the quantum phase 
difference between the respective transition 
matrix elements. We show that the intensity-
dependent shifts in atomic structure modify 
the Floquet ionization channels and the 
associated interference phase. We extract this 
phase variation on femtosecond timescales 
and compare it with simulations. These results 
provide a comprehensive description of the 
two-color ionization dynamics and enable new schemes for the control of attosecond ionization 
and fragmentation processes in atoms and molecules.  
                                                           
1 N. Shivaram, H. Timmers, X.-M.Tong, and A. Sandhu, (Submitted)  
2 X. M. Tong and N. Toshima, Phys. Rev. A 81, 043429 (2010). 

 
Figure 1. (a) Spectrum of attosecond pulses relative to 
Helium atomic states (b) Calculated intensity 
dependent XUV photo-absorption cross-section (c) 
Measured phase of the two-color ionization process as 
a function of time-delay and instantaneous intensity 
(insets show TDSE simulation results for comparison). 
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Superfluorescent emission of rubidium atoms observed with 
ultrashort multi-photon excitation 

 
Vladimir A. Sautenkov 

 
Institute for Quantum Science and Engineering, TAMU, College Station, Texas 77843, USA 
Joint Institute of High Temperature, RAS, Moscow 125412, Russia 
 

Abstract 
 

We study coherent emission from a dense rubidium vapor excited by 100 fs optical pulses 
in three or two photon processes. In one of the experiments the atoms are transfer from 
the ground 5S state to the excited 5D state by a two-photon excitation.  Then the atoms 
emit light on the 6D - 6P and 6P - 5S transitions. The superfluorence on the 6P - 5S 
transition is recorded by a streak camera with picosecond resolution. The time duration of 
the superfluorescent pulses is order of ten of picoseconds, which is much shorter than 
time scale of typical relaxation processes in the vapor. The superfluorescent pulse 
appears after the optical excitation with some delay and shows an oscillation behavior. 
The ringing can be attributed to the propagation effects. The power and density 
dependence of the delay is measured. Quantum fluctuations of the delay are revealed. 
Simulations based on the semiclassical interaction theory can qualitatively describe the 
experimental results. Probably more accurate interpretation can be obtained by using the 
quantum electrodynamic approach. 
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Coupling single atoms and propagating light 

Experiments: Meng Khoon Tey1, Syed Abdullah Aljunid, Brenda Mei Yuen Chng, Kadir Durak, Victor 

Leong, Gleb Maslennikov, Christian Kurtsiefer 

Theory:  Yimin Wang, Colin Teo, Timothy C.H. Liew2, Jiří Minář, Valerio Scarani 

Centre for Quantum Technologies (CQT), National University of Singapore, Singapore 117543. 
(Currently at: 

1
 University of Innsbruck; 

2
 Ecole Polytechnique Federale de Lausanne) 

Websites: CQT: www.quantumlah.org 

Kurtsiefer group: www.qolah.org 

Scarani group: conneqt.quantumlah.org 

_____________________________________________________________________________________ 

WHAT: demonstrate strong coupling between propagating light and a single trapped atom. 

WHY: strong coupling is usually demonstrated for cavity (i.e. localized) modes, so we like to explore new 

physics lah1. You wanted to hear about applications? Think of the dream of the quantum internet, made 

of atomic nodes connected by photons: photons in cavities are 

not going to be very useful, are they? 

HOW: strong focusing of light using conventional lenses, 87Rb 

atom positioned at the focus.  

RESULTS: 

 Observed ≈10% extinction of transmitted light due 

to the presence of the atom [1,2] (absorption curve 

in the figure). 

 Measured 1 degree phase shift due to the presence 

of the atom [3] (dispersion curve in the figure).  

 Semi-classical model fits the data by including the 

thermal motion of the atom [4] and predicts that 

stronger focusing and trapping may lead up to 93% 

extinction [2].  

 Raman Rabi oscillations observed when Raman side-band cooling is used. 

 Excitation of the atom by pulses of light: theory [5] and experiment (observations will be 

reported in PQE2012 for the first time). 

[1] M.K.Tey et al., Nature Physics 4, 924-927 (2008) http://arxiv.org/abs/0802.3005 

[2] M.K. Tey et al., New J. Phys. 11, 043011 (2009) http://arxiv.org/abs/0804.4861 

[3] S.A. Aljunid et al., Phys. Rev. Lett. 103, 153601 (2009) http://arxiv.org/abs/0905.3734 

[4] C. Teo, V. Scarani, Opt. Comm. 284, 4485 (2011) http://arxiv.org/abs/1012.0630 

[5] Y.M. Wang et al., Phys. Rev. A 83, 063842 (2011) http://arxiv.org/abs/1010.4661 

                                                           
1
 Very common (and effective) Singlish construction, which inspired also the name of our corporate website.   
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Wave-particle dualism in action 

 
W.P. Schleich 

Institute for Quantum Physics and Center for Integrated Quantum Science and Technology 
(IQST), Ulm University, Germany 

 
 

Abstract 
 
Wave-particle dualism is at the very heart of quantum mechanics. It manifests itself most 
prominently in the double-slit experiment that has given rise to a fascinating discussion of “which-
slit” information versus interference. In the present talk we analyze [1,2] two recent experiments 
[3,4] reporting simultaneous observation of “which-slit” and interference. Moreover, we introduce the 
first atom interferometer with Bose Einstein-condensates in microgravity [5] presented in the 
session following this talk.  
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Enhanced light-light interactions by controlling 
external degrees of freedom on a photonic chip 

 
Holger Schmidt 

School of Engineering, University of California, Santa Cruz, 1156 High Street, Santa Cruz, California 95064 
 
 

Recently, hollow-core waveguides have been introduced for a new class of atom photonic 
chips that allows for large light-matter and light-light interactions at ultralow power 
levels [1-3]. At the same time, it has also been shown that this photonic platform lends 
itself to implementation of novel optical particle manipulation techniques, taking 
advantage of the planar waveguide-based architecture [4-6]. 

In this talk, I will review these new methods for controlling the external (motional) 
degrees of freedom of a particle. Specifically, a new type of all-optical trap, an integrated 
Zeeman slower, and applications of optical particle manipulation to enhancing light-light 
interactions in coherent atomic media will be discussed.   

  
 

  
 

[1] W. Yang, D.B. Conkey, B. Wu, D. Yin, A.R. Hawkins, and H. Schmidt, "Atomic  
                    spectroscopy on a chip", Nature Photonics 1, 331 (2007). 

[2] B. Wu, J.F. Hulbert, K. Hurd, E.J. Lunt, A.R. Hawkins, and H. Schmidt, “Slow light  
      on a chip via atomic quantum state control”, Nature Photonics 4, 776 (2010). 
[3] H. Schmidt and A. Imamoglu, “Giant Kerr nonlinearities using electromagnetically 
      induced transparency”, Optics Letters 21, 1936 (1996). 
[4] S. Kühn, E.J. Lunt, B.S. Philips, A.R. Hawkins, and H. Schmidt, “Ultralow power 
      trapping and fluorescence detection of single particles on an optofluidic chip”, Lab 
      Chip 10, 189 (2010). 
[5] S. Kühn, P. Measor, E.J. Lunt, B.S. Phillips, D.W. Deamer, A.R. Hawkins, and H. 
      Schmidt, "Loss-based optical trap for on-chip particle analysis", Lab Chip 9, 2212 
      (2009). 
[6] S. Kühn, P. Measor, E.J. Lunt, B.S. Phillips, A.R. Hawkins, and H. Schmidt, 
      "Optofluidic particle concentration by a long-range dual-beam trap", Optics Letters 
      34, 2306-2308 (2009). 
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USING QUANTUM THERMODYNAMICS TO ENHANCE THE
EFFICIENCY OF LASERS AND SOLAR CELLS

Marlan O. Scully1,2

1Texas A&M University, College Station, TX 77843-4242
2Princeton University, Princeton NJ, 08544

Laser and photocell quantum heat engines (QHEs) are powered by thermal light and governed by the laws
of quantum thermodynamics. We here show how to use quantum coherence [1] induced by quantum noise
[2] to improve the efficiency of a laser or photocell QHE. Surprisingly, this coherence can be induced by the
same noisy (thermal) emission and absorption processes that drive the QHE. Furthermore, this noise-induced
coherence can be robust against environmental decoherence. Application of the ideas to photosynthesis [3]
will also be discussed.
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FIG. 1. Schemes of a laser QHE (A), a photocell QHE consisting of quantum dots sandwiched between p- and n-
doped semiconductors (B), a bio QHE based on a photosynthetic reaction center (C). These QHEs are pumped by hot
photons at temperature Th (energy source, blue) and by cold photons or phonons at temperature Tc (entropy sink,
red), operating with quantum efficiency governed by the Carnot relation.

[1] M.O. Scully, “Quantum Photocell: Using Quantum Coherence to Reduce Radiative Recombination and Increase
Efficiency”, Phys. Rev. Lett., 104, 207701 (2010).

[2] M.O. Scully, K.R. Chapin, K.E. Dorfman, M.B. Kim, and A.A Svidzinsky, “Quantum heat engine power can be
increased by noise-induced coherence”, PNAS 108, 15097 (2011).

[3] G.S. Engel et al., “Evidence for wavelike energy transfer through quantum coherence in photosynthetic systems”,
Nature, 446, 782-786 (2007).
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Entanglement of two spatially separated qubits via correlated photons

Eyob A. Sete1 and Sumanta Das2
1Institute for Quantum Science & Engineering, Department of Physics and Astronomy,

Texas A&M University, College Station, TX 77843
2Max-Planck-Institute für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany

Entanglement, a consequence of the superposition principle lies at the heart of many quantum information
protocols. As such considerable effort has been devoted during the past decade in generation and manipulation
of entanglement in a wide variety of systems ranging from atoms to waveguides [1]. In particular, for discrete
variables, a key aspect has been the dependence of entanglement on the direct coupling of the qubits, whose
physical origin differs from one system to other [2]. An essential drawback of the schemes dependent in
particular on dipolar coupling is that the entanglement relies on the interqubit separations and is prominent
only for inter-qubit separations less than the operational wavelength. For quantum computing applications
and quantum networks one, however, needs entanglement among qubits to be long-lived for separations more
than the operational wavelength. In recent years schemes based on cavity quantum electrodynamics (QED)
[3], and nonclassical radiation in superconducting charge qubits [4] has been proposed in achieving this.

In this work, we propose an alternative scheme for generating steady state entanglement between two un-
coupled qubits via squeezed light in a cavity QED setup (see Fig. 1). The two-photon correlation properties
of the squeezed light is found to be effective in generating two qubit entanglement even for interqubit sepa-
rations more than the operational wavelength. Incoherently pumping the less dissipative qubit [5] then leads
to significant steady state concurrence [6] in our scheme: 0.8 for asymmetric and 0.6 for identical qubits in
realistic parameter regime.
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FIG. 1: (a) Two qubits interacting with squeezed cavity field. (b) Steady state concurrence versus pump field amplitude
ε/κ and detuning.

[1]J. M. Raimond M. Brune, and S. Haroche, Rev. Mod. Phys. 73, 565 (2001) .

[2]E. A. Sete and S. Das, Phys. Rev. A 83, 042301 (2011); D. Loss and D. P. DiVincenzo, Phys. Rev. A

57, 120 (1998); J. Clarke and F.K. Wilhelm, Nature 455, 1031 (2008).

[3] B. Kraus and J.I. Cirac, Phys. Rev. Lett. 92, 013602 (2004).

[4] M. Paternostro, G. Falci, M. Kim, and G. M. Palma, Phys. Rev. B 69, 214502 (2004).

[5] E. del Valle, JOSA B 28, 228 (2011).

[6] W. K. Wootters, Phys. Rev. Lett. 80, 2245 (1998).
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Enhnacement of Sensitivity of an Atom Interferometer by a Factor of N Using High 

Compton Frequency of N-atom Collective-States 
R. Sarkar2, M. Kim2, Y. Tu1 and M.S. Shahriar1,2 

1Department of Electrical Engineering and Computer Science 
2Department of Physics and Astronomy 

 Northwestern University2145 Sheridan Road, Evanston, IL 60208; Email: shahriar@northwestern.edu 

 
 It is well known that the phase shift in an atom interferometric gyroscope (AIG) of area A, induced by a 

rotation rate of  in a direction perpendicular to it, is given by 2 /A m   , where m is the mass of the atom.  

This expression can be derived in two different methods.  In the first method, we consider the difference in the 

distance traveled by the two counterpropagating waves due to the rotation, and multiply this by 2 /  , where   is 

the de Broglie wavelength of the atom, to determine the phase difference.  Since the difference in the distance 

traveled is proportional to the velocity, while 1 is proportional to the velocity, the phase shift is independent of the 

velocity --- and therefore the de Broglie wavelength --- of the atom.  Instead, it is simply proportional to the mass of 

the atom.  This result can be understood more transparently when it is derived using the second method, whereby we 

consider first the time delay between the signals arriving at a detector.  In doing so, we take into account the 

relativistic law of addition of velocities.  The time delay is given by 22 /t A C   , where C is the speed of light.  

The phase shift is then found by multiplying  this time delay by Compton frequency, 2 /mC , which yields the 

same result as that obtained via method 1.  An AIG  can thus be viewed in effect to be the same as an optical 

gyroscope, with an effective frequency given by the Compton frequency.  The fact that the Compton frequency of an 

alkali atom such as 87Rb is nearly ten orders of magnitude larger than a typical (e.g. visible) optical frequency is the 

basic reason why an AIG is fundamentally so much more sensitive than an optical gyroscope.  In this talk, we will 

describe how we can realize a matter-wave gyroscope which has a Compton frequency that can be much larger than 

that of a single atom, thus making it even more sensitive than an AIG. 

 The basic principle of an AIG using three-zone excitations  is as follows.  After the first zone, each atom is 

split into two internal states with transverse momenta differing by 2 k , where k is the mean wave number for the 

two Raman beams.   The area of the interferometer is dictated by a combination of the longitudinal velocity of the 

atoms, the transverse velocity ( 2 /k m ), and the separation between the zones.   We now consider a situation where 

the atoms are supplied in pulses (e.g., pushed out from a magneto optic trap periodically).  Furthermore, we assume 

that the transverse extent of the atomic cloud is much less than / k .  Under these conditions, the atom-field 

excitation will be in the regime of collective excitation.  For excitation fields in the classical limit (i.e., with mean 

photon numbers far exceeding unity), the system is excited into a cascade of collective states.  However, as we had 

shown recently, for proper choice of parameters the collective excitation can be reduced to a form so that the system 

behaves essentially like a single atom.  Under such conditions, assuming that there are N atoms in each pulse, the 

counter-propagating Raman excitation in the first zone will lead to an equal superposition of the following two 

collective states: 

                              
1 2 1 1 2
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where ENSV is the transverse velocity of the ensemble.  We note that for the symmetrized excited state the transverse 

velocity is a factor of N smaller than what it would be for individual atoms undergoing the same transition.  This is a 

manifestation of the fact that in this regime the ensemble is acting as a system with a mass of N*m.  However, since 

the transverse momentum is the same, the de Broglie wavelength would be the same, while the transverse velocity 

would be smaller by a factor of N.  Thus, a conventional analysis of the phase shift will yield the result that 

2 /A Nm   , confirming that the Compton frequency of this system is indeed 2* /N mC . 

 Note that for the same interaction distance in the longitudinal direction, the area would now be smaller by a 

factor of N, so that the net sensitivity would remain the same.  However, this can be remedied by using techniques 

for imparting larger transverse momenta.  For single atoms, use of a large transverse momentum produces 

deleterious effects by going beyond the paraxial limit, especially if cold atoms with very small longitudinal 

velocities are used.  The use of such a collective excitation would not suffer from these effects, and could be used to 

produce very compact gyroscopes with very high sensitivities, especially if combined with the technique of using a 

single-zone for realizing the interferometer.  Furthermore, the large Compton frequency will make it possible to 

measure gravity gradients as well as variations in gravitational red shift with much higher resolution. 
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Negative Refraction and Light Bending with Plasmonic Nanoantennas 
 

Vladimir M. Shalaev 

 

Birck Nanotechnology Center and School of Electrical and Computer Engineering  

Purdue University 

 

 

We review the exciting field of optical metamaterials and outline the recent progress in 

developing tunable and active MMs, semiconductor-based and loss-free negative-index MMs. We 

also discuss a new approach for broadband light bending by using symmetry-breaking 

meta-surfaces with plasmonic nanoantennas. 
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Surface‐Enhanced Raman Spectroscopy of Organic Crystals 

Alexander M. Sinyukov1, Xia Hua1, Dmitri V. Voronine1, Kai Wang1, Yujie Shen1, 
Alexei V. Sokolov1 and Marlan O. Scully1,2 

1 Texas A&M University, College Station, TX 77843 

2 Princeton University, Princeton, NJ 08544 

ABSTRACT 

    Surface‐enhanced Raman scattering (SERS) has been widely used for spectroscopic detection 

of  various  substances with  high  sensitivity  down  to  a  single molecule  level. Most  previous 

implementations focus on (mono)‐layers formed from a liquid or a gas phase. Here we obtained 

SERS  spectra  (Fig.  1a)  of  organic  crystals  (naphthalene)  on  randomly  aggregated  gold 

nanoparticles  (NPs). We  investigate the mechanism of surface enhancement  in these systems 

such  as  the  contact  between  the  crystals  and  NPs  as  well  as  enhancement  factors  and 

reproducibility  (Fig.  1b). Our  results may  be  used  to  enhance  sensitivity  of  previous  Raman 

studies of crystals and their surfaces.      

    

 Figure 1: (a) Raman spectra of naphthalene crystals with (red) and without (blue) gold 
        nanoparticles (NPs). (b) Schematic of organic crystals (green squares) on the surface of gold NPs. 
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From ghost imaging to n-photon qubits of thermal light 
− nonlocal coherence vs. local statistics 

 
Yanhua Shih 

Department of Physics, University of Maryland Baltimore County 
Baltimore, MD 21250 

 
This talk discusses fundamental concerns behind the experimental observations of ghost 
imaging and n-photon qubits of thermal light.   Thermal light is usually considered as 
classical radiation. Traditionally, the nontrivial higher-order correlations of thermal light 
are interpreted as the locally measured intensity fluctuation collations.  The classical 
theory of local statistics for higher-order thermal light correlation is facing difficulties: 
our recent experiments have confirmed the Bell states of thermal light, which simulated 
the nonlocal behavior of entangled photon pairs. Different from entangled states, 
however, a joint photodetection event of thermal light is produced by two independent 
and randomly distributed photons that fall into the coincidence time window by chance 
only.  How could randomly distributed photons produce a Bell type nonlocal correlation?   
This talk will address this important and interesting problem. 
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Fano-resonant Asymmetric Metamaterials for Sensing and 

Vibrational Fingerprinting of Protein Monolayers 
 

Chihhui Wu1, Alexander B. Khanikaev1, Kamil Alici1, Ronen Adato2, Nihal Arju1, Ahmet Ali Yanik2, Hatice Altug2, and 

Gennady Shvets1 
1Department of Physics, The University of Texas at Austin, Austin, Texas 78712, USA 

2Boston University, Department of Electrical Engineering and Computer Science, Boston, MA 02215 

 

Abstract: We demonstrate how precise information about the structure of protein monolayers (thickness, bond orientation, 

dipole strength) can be obtained using difference-reflectivity spectroscopy of functionalized Fano-resonant asymmetric 

metamaterials. Experimental eesults for peptide, single-protein, and two-protein monolayers will be presented.   

 

1. Introduction 

In-depth understanding of life-sustaining biomolecular binding processes has the potential for impacting every 

corner of life sciences and medicine. In general, conformational rearrangements in biomolecular structures are 

required for matching of the binding sites between the host-guest molecules. However, state-of-art biosensing 

techniques (such as SPR) can only probe the biomaterial accumulations due to molecular bindings. While Raman 

and infrared absorption spectroscopies can provide the vibrational signatures of molecular conformational states, 

these spectroscopic approaches are not directly compatible with “gold standard” biosensing techniques.  Here we 

introduce a novel structure-resolving label-free biosensing technique based on plasmonic Fano-Resonant 

Asymmetric Metamaterials (FRAMMs) that can simultaneously probe structural and binding characteristics of 

biomolecular interactions by using the full information content of the bio-molecules’ frequency-dependent infrared 

response. 

2. Results 

An example of an asymmetric metamaterial comprised of two plasmonic antennas along the y-axis and a 

perpendicular antenna coupler attached to one of them is shown in Fig.1. Near-field interaction between the two 

antennas results in parallel (electric dipole) and anti-parallel (quadrupole/magnetic dipole) current excitations 

corresponding to super- and sub-radiant modes with frequencies 
D

 and 
Q

 , respectively [1]. The small horizontal 

coupler makes the meta-molecule asymmetric by breaking all spatial inversion/reflection. Such symmetry breaking 

directly couples the sub-radiant and super-radiant modes (thereby enabling Fano interference for the y-polarized 

incident light, see blue lines in Fig.1c). It also couples the sub-radiant mode to the perpendicular (x) polarization 

resulting in Lorenzian lineshape (see red lines in Fig.1c) that enables precise determination of the
Q

 . 

Fig.1: Geometry and electromagnetic properties of FRAMMs. (a) Schematic of sub-radiant (Q) and supper-

radiant (D) modes of the FRAMM coupled to incident infrared light. (b) SEM image of a typical fabricated 

FRAMM and geometric sizes: mwmLmL  36.0,9.0,8.1
21

 , and periodicities in x- and y-direction are 

mPmP
yx

 15.3,7.2 (c) Experimental (solid) and theoretical (dashed) polarized reflectivity spectra: Fano 

(Lorentzian) lineshaps for vertical (horizontal) polarizations. 

 

We will demonstrate that the high-Q sub-radiant mode corresponds to the largest field enhancement and is therefore 

ideal for biosensing applications [2] of molecular monolayers. An example of such biosensing/fingerprinting of 

protein monolayers using an array of metamaterial pixels with resonant frequencies spanning the range of 

vibrational modes (Amide I and Amide II backbone vibrations) of the proteins is explained in Fig.2.  We will 
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X-ray Parametric Down-Conversion in the Langevin Regime

S. Shwartz,1 R. N. Coffee,2 J. M. Feldkamp,2 Y. Feng,2 J. B. Hastings,2 G. Y. Yin,1 and S. E. Harris1

1Edward L. Ginzton Laboratory, Stanford University, Stanford, California 94305
2The Linac Coherent Light Source, SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA

For decades, parametric down-conversion (PDC) has been widely used as a source for generating entangled photons
from the infrared to the ultraviolet optical regimes, delivering remarkable insights into many quantum phenomena.
Extending PDC to the x-ray regime, first proposed [1] and demonstrated [2, 3] forty years ago, has seen some recent
progress. Experiments have recently opened the possibility for investigating the optical response of chemical bonds
based on x-ray PDC [4]. Another work has described a method for generating each of the four Bell states [5]. Here,
we take a step further in the direction of extending the concepts of quantum optics into the x-ray regime. We describe
theory and experiments showing the generation of x-ray photon pairs via parametric down-conversion. In particular,
we show that it is essential to retain the Langevin terms in the Heisenberg equations to obtain agreement with the
experimental results. This effect is not a small correction. When the loss is large, the Langevin terms dominate the
output of parametric down-conversion source.

Figure 1 shows experimental observations and theoretical calculations of the coincidence count rate as a function
of the deviation from the degenerate frequency. The solid black curve corresponds to retaining the Langevin terms
while the dashed green (detector D1 clicks first) and the dotted red (detector D2 clicks first) neglect the Langevin
contribution. Each of the theoretical curves is scaled vertically to match the count rate at the degenerate frequency.
The first striking observation is that neglecting the Langevin terms causes the shapes of the curves erroneously depends
on which detector clicks first, a situation remedied by retaining the Langevin terms in the calculations. Without scaling
and at degeneracy, the theoretical calculations that retain the Langevin terms differ from our experimental results by
only ∼ 10%. Neglecting the Langevin terms at degeneracy under predicts our experimental observation by as much
as a factor of 2.

FIG. 1: Measured coincidence count rate as a function of Es/Es0 . Es and Es0 is the signal photon energy and the degenerate
photon energy respectively. The theoretical curves are calculated in three ways: including Langevin (solid black), neglecting
Langevin with detector D1 clicks first (dotted red), and neglecting Langevin with detector D2 clicks first (dashed green). The
theoretical curves are scaled vertically to agree with the count rate for the degeneracy case. (a) Aperture sizes are equal. (b)
The aperture size ratio is 3.6. .

[1] Freund I., & Levine, B. F. Parametric conversion of X-rays. Phys. Rev. Lett. 23, 854857 (1969).
[2] Eisenberger, P.M. & McCall, S. L. X-Ray Parametric Conversion. Phys. Rev. Lett. 26, 684-688 (1971).
[3] Adams, B. Nonlinear Optics, Quantum Optics, and Ultrafast Phenomena with X-Rays. Kluwer Academic Publisher, (2008).
[4] Tamasaku, K., Sawada, K. ,Nishiboro, E., & Ishikawa, T. Visualizing the local optical response to extreme- ultraviolet

radiation with a resolution of λ/380 Nature Phys. 7, 705-708 (2011).
[5] Shwartz, S. & Harris, S. E. Polarization Entangled Photons at X-Ray Energies. Phys. Rev. Lett. 106, 080501 (2011).
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Infrared Dielectric Resonator Metamaterials 
 

Michael B. Sinclair 

Sandia National Laboratories, Albuquerque, NM 87185 
 

Metamaterials comprising metallic inclusions such as split ring resonators have been utilized for 

numerous device demonstrations at microwave frequencies.  Unfortunately, the increased impact of 

ohmic losses renders metal-based metamaterials too lossy for devices at optical wavelengths (infrared and 

shorter).  A possible strategy to overcome this fundamental limitation is to replace the metallic inclusions 

with high permittivity dielectric resonators, thereby replacing lossy conduction currents with 

displacement currents.  A further advantage of the utilization of dielectric resonators is the isotropic 

metamaterial response that arises due to the high degree of symmetry exhibited by typical resonator 

shapes (i.e. spheres and cubes).  In this presentation, we will describe the design, fabrication, and 

characterization of all dielectric metamaterials operating in the thermal infrared.  The dielectric 

metamaterials are based on cubic dielectric resonators fabricated from Tellurium and arrayed on a Barium 

Fluoride substrate.  As predicted by analytical and numerical simulation, the metamaterial exhibits a 

magnetic resonance near 10 um wavelength, as well as an electric resonance at a slightly shorter 

wavelength.  The retrieved effective parameters indicate a negative permeability (permittivity) in the 

vicinity of the magnetic (electric) resonance.  This work represents a first step toward the development of 

low loss infrared metamaterials suitable for device applications.  This work was supported by the 

Laboratory Directed Research and Development program at Sandia National Laboratories.  Sandia 

National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation, a 

wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy’s National 

Nuclear Security Administration under contract DE-AC04-94AL85000. 

 

 
Figure 1.  Scanning electron 

micrograph of the fabricated 

dielectric resonator 

metamaterial. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. a)Measured (top panel) and simulated (bottom panel) transmission and reflection of 

the Te cube based metamaterial.  b)Simulated resonant mode electric field profiles for the 

magnetic and electric dipole resonances. 

a) 
b) 

6 7 8 9 10
0.0

0.3

0.6

0.9

 

 

T
ra

n
s

m
is

s
io

n
/R

e
fl

e
c

ti
o

n

wavelength (m)

6 7 8 9 10
0.0

0.2

0.4

0.6

0.8

1.0

 

 

 

measured 

simulated 

k


H


E


=6.8 m 

(simulated) 
 

=8.7 m 

(simulated) 

Speaker: Michael B. Sinclair
Session: Metamaterials
Schedule: Thursday Morning Invited Session 1

PQE-2012 214



Nonlinear Optical Metamaterials

David R. Smith1, Ekaterina Poutrina1, Da Huang1, Alec Rose1, and Cristian Ciraci1

1Center for Metamaterials and Integrated Plasmonics, Duke University, Durham, NC 27708

Abstract:  When  nonlinear  materials  are  included  in  the  high-field  regions  of  metamaterial 
elements,  nonlinear  composites  result  that  possess  advantages  of  both  natural  and  structured 
media. We summarize a collection of results on nonlinear metamaterials, and the transition from 
interesting test  cases at  lower frequencies to  more useful  components  at  infrared and visible  
wavelengths.

One of the common descriptions of nonlinear optics is to express the nonlinear properties of a medium in 
terms of a series of higher order susceptibilities. This approach is rational when the inherent nonlinearity 
of the medium is relatively small, as is the case at infrared and visible wavelengths. A wide range of 
phenomena, then, can be related to these nonlinear susceptibilities, including such effects as harmonic 
generation,  wave  mixing,  self-phase  modulation,  and  many  others.  The  nonlinear  susceptibility  thus 
becomes a very accessible parameter by which to assess and optimize the expected performance of a  
device based on the nonlinear material.

The nonlinear susceptibility terms, like the electric permittivity and magnetic permeability, are effective  
medium parameters and can be derived for artificially structured media as well as natural media. In recent  
work, we have applied just such an analysis [1], and shown that the nonlinear susceptibility terms can be  
related  to  the  linear properties  of  the  structured  metamaterial,  and  the  nonlinear properties  of  the 
intrinsically nonlinear materials integrated into the high-field regions of the structure. Since the linear  
effective medium properties of a metamaterial can be easily retrieved by common methods, it becomes a 
relatively straightforward exercise to predict the performance of a nonlinear metamaterial composite.

At low frequencies, nonlinearity can be introduced using components such as diodes or varactors, which 
can  be  directly  inserted,  for  example,  across  the  capacitive  gaps  that  occur  in  typical  metamaterial 
resonant elements. While these components tend to have nonlinearities that quickly leave the perturbative 
regime at minimal power levels, nevertheless the description of the composite can be described by just a 
few nonlinear susceptibility terms over a restricted range of incident power. With the accurate nonlinear 
description of the composite metamaterial, we have been able to demonstrate the anticipated enhancement 
of nonlinearities, as well as a host of phenomena, including (most recently) phase matching and quasi-
phase matching in a metamaterial [3].

The extension of these nonlinear properties to infrared and visible wavelengths involves exchanging (or at  
least  expanding)  a  convenient  circuit  description  for  a  plasmonic  description,  in  which  the  kinetic 
inductance  of  metals  (at  high  frequencies)  replaces  electrical  inductance.  Similar  to  low  frequency 
structures, though, is the field enhancement that occurs in the capacitive regions formed within metallic 
nanostructures and nanoclusters. We find that nanostructured plasmonic media offer a viable approach to 
enhanced  nonlinear  optical  media.  In  fact,  the  metals  used  to  form  the  metamaterial  elements  are, 
themselves, highly nonlinear. By considering for hydrodynamic model for free electrons [3], we perform 
numerical modeling of nonlinear optical metamaterial composites. In particular, strongly enhanced second 
and third order susceptibility tensors can be found from structured metallic media, in which the field  
enhancement regions are carefully engineered. 

References
1. E. Poutrina et al., New J. Phys. 12, 093010 (2010).

2. A. Rose et al., Phys. Rev. Lett. 107, 063902 (2011).

3. M. Scalora et al., Phys. Rev. A 82, 043828 (2010).
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Sky Laser Physics: Atomic Coherence at Work
A. V. Sokolov *

Department of Physics and Astronomy, and Institute for Quantum Science and Engineering,  
Texas A&M University, College Station, Texas 77843-4242, U. S. A.

Present-day  light  detection  and  ranging  (LIDAR)  techniques  provide  valuable  tools  for  the 
measurement  of  trace  impurities  in  the  atmosphere.   However,  to  enhance  sensitivity  and 
information content retrieved by the return signal, a different technology is needed.  In our work,  
we focus on producing laser action in optically pumped atmospheric O2 and N2, so as to make a 
cavityless “sky laser” behind a suspect “cloud”. The sky laser generates a backward-propagating 
spectral probe, to be used to interrogate the cloud and detect trace amounts of gas. A potentially 
important ingredient to an efficient sky laser is the ability to have several gain regions prepared  
sequentially, in a timed fashion, so as to produce gain-swept superradiance [1]. Once backward  
lasing is achieved, we plan to use nonlinear spectroscopy and supplement the backward-generated 
light by additional laser pulses (multi-wavelength, tunable, or broadband) sent in the forward 
direction.  The end goal is to induce a coherent, directional, signal beam that carries the molecular 
fingerprint straight back toward the detector. This is in contrast to the conventional (e.g., LIDAR) 
weak signals that are based on incoherent scattering with no preferred direction.

As part of the sky laser project, we study a system where the optical gain is a result of 
two-photon photolysis of atmospheric O2, followed by two-photon excitation of atomic oxygen. 
Efficient generation of laser-like 845 nm beams occurs in both forward and backward directions  
with respect to a 226 nm (ultraviolet) pump laser beam [2]. We analyze the temporal shapes of  
the emitted pulses and study how they are affected by a large atomic coherence. Our results  
suggest  that  the emission process is  coherence brightened in its  nature,  and goes beyond the 
ordinary rate-equations laser physics [3].  The process is to be compared with ordinary lasing 
where atomic coherence remains small on the one hand and cooperative Dicke superradiance  
where atomic coherence is maximized on the other [4]. Detailed understanding of this sky laser  
physics will aid design of a more efficient light source for remote sensing.

* A large number of people have contributed to this work; some have lead the experiments, many 
have participated and helped, others contributed with ideas, advice, guidance, and through many 
discussions;  I  am  grateful  to  everyone:  Ben  Strycker,  Kai  Wang,  Matt  Springer,  Xia  Hua,  
Miaochan Zhi, Luqi Yuan, Andrew Traverso, Rodrigo Sanchez-Gonzalez, Michael Grubb, Simon 
North, George Kattawar, Phillip Hemmer, Yuri Rostovtsev, Vladimir Sautenkov, Arthur Dogariu, 
James  Michael,  Richard  Miles,  Pavel  Polynkin,  Torsten  Siebert,  Phillip  Sprangle,  Alexandre 
Kolomenskii,  James  Strohaber,  Hans  Schuessler,  Pankaj  Jha,  Dmitri  Voronine,  Aleksei 
Zheltikov, and Marlan Scully.
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“Coherence Brightened Laser Source for Atmospheric Remote Sensing” (submitted for publication).

[4] R.H. Dicke,  Quantum Electronics;  proceedings of  the third international  congress.  Edited by P.  Grivet  and N.  
Bloembergen. Published by Dunod diteur, Paris, and Columbia University Press, New York, p.35 (1964); R.H. 
Dicke, Phys. Rev. 93, 99 (1954).
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Superresolution Four-Wave Mixing Microscopy 
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The ability to image object beyond the diffraction limit enables us to interrogate material 

composition at a length scale that has previously been unachievable in optical microscopy. This 

is especially important in the life sciences where much of the molecular action takes place just 

below the diffraction limit ( ~200  nm). This has led to intense efforts to develop sub-diffraction 

limited imaging systems (superresolution or SR). Today there are several techniques that rely on 

either point spread function engineering or exploiting the properties of individual fluorophores.  

These techniques have revolutionized our understanding of biology but have yet to see wider 

application.  They all rely on the sample being fluorescent which is not the case for many 

materials.  

 

 We present here a microscopy platform that is able to achieve sub diffraction imaging while also 

retaining the ability to acquire materials- and chemical specific contrast. This technique uses a 

combination of focus engineering via a programmable spatial light modulator (SLM) and the 

multiplicative nature of four wave mixing microscopy.  Recent results in the development of the 

instrument as well as experimental data demonstrating chemical contrast at greater than twice the 

diffraction limit will be discussed.  

 

 

Conventional (left) and SR (right) images taken by a superresolution FWM microscope. 
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FAST TRANSIENTS IN MOLECULAR BRIDGE SYSTEMS 

V. Špička1, A. Kalvová1, B. Velický1,2 

1Institute of Physics, Academy of Sciences of the Czech Republic, Na Slovance 2, 182 21 Praha 8, 

Czech Republic  
2Faculty of Mathematics and Physics, Charles University, Ke Karlovu 2, Praha 2, Czech Republic 

 

This contribution addresses the problem of a proper description of fast dynamics of open quantum 

systems when initial conditions, quantum interferences and decoherence processes play important 

roles.  

We consider fast transients in a very simple structure which represents open quantum systems: a 

molecular bridge between two leads [1]. In this model the transient dynamics of electrons is induced 

by rapid changes in the coupling between the leads and the bridge. Transient response of electrons 

in the system depends on the joint effect of the initial state with correlations and of the driving 

external disturbances (represented here by the change in the coupling between the leads and the 

bridge) setting on at the finite initial time. If the initial state results from the previous history of the 

system, its role can be transformed onto the coherence effects between the transient and its 

antecedent. After the disturbances cease acting and the initial correlations die out, the process 

enters the non-equilibrium quasi-particle mode permitting a reduced description by a generalized 

master equation. 

We treat fast dynamics in molecular bridges within Nonequlibrium Greens function (NGF) method 

formulated with initial condition [2] within which we have introduced the partitioning in time 

method [3].  

[1] B. Velický, A. Kalvová V. Špička, Physica E 42, 539 (2010). 

*2+ V. Špička, A. Kalvová, B. Velický, Physica E 42, 522 (2010). 

[3] B. Velický, A. Kalvová V. Špička, Phys. Rev. B81, 235116 (2010). 
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Realization of a sonic black hole in a Bose-Einstein condensate 
 

Jeff Steinhauer, Oren Lahav, Amir Itah, Alex Blumkin, Carmit Gordon, 

Shahar Rinott, and Alona Zayats 
 

Technion – Israel Institute of Technology, Haifa, Israel 

 

Abstract 

The event horizon is a boundary around the black hole, enclosing the region from which 

even light cannot escape.  It has been suggested that an analogue of a black hole could be 

created in a variety of systems [1,2].  In the case of a quantum fluid such as the Bose-

Einstein condensate studied here, it is sound waves, rather than light waves, which cannot 

escape.  This sonic black hole contains regions of subsonic flow, as well as regions of 

supersonic flow.  Since a phonon cannot propagate against the supersonic flow, the 

boundary between the subsonic and supersonic regions marks the event horizon of the 

sonic black hole. 

 

The experimental challenge is to create a steady flow which exceeds the speed of sound.  

We have created an analogue of a black hole in a Bose-Einstein condensate [3].  A step-

like potential accelerates the flow of the condensate to velocities which cross and exceed 

the speed of sound by an order of magnitude.  The Landau critical velocity is therefore 

surpassed.  The predicted Hawking temperature is given by the gradient of the velocity at 

the horizon, and is thus determined from the measured profiles of the velocity and speed 

of sound.  A simulation finds negative energy excitations, which are required for 

Hawking radiation. 

 

Figure 1.  (a)  The colored curves 

show the flow velocity at equal time 

intervals. The dashed curve indicates 

the average velocity.  The black solid 

curve indicates the speed of sound.  

The filled circles (pluses) indicate the 

black hole (white hole) horizon.  (b)  

The predicted Hawking temperature 

and effective surface gravity, derived 

from the curves of (a). 

 
 

 

                                                 

1.  W. G. Unruh, Phys. Rev. Lett. 46, 1351 (1981). 

2.  L. J. Garay, J. R. Anglin, J. I. Cirac, and P. Zoller, Phys. Rev. Lett. 85, 4643 (2000). 

3.  Oren Lahav, Amir Itah, Alex Blumkin, Carmit Gordon, Shahar Rinott, Alona Zayats, 

and Jeff Steinhauer, Phys. Rev. Lett. 105, 240401 (2010). 
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Metallization	of	Nanofilms	in	Strong	THz	and	Optical	Fields	
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1Department	of	Physics	and	Astronomy,	Georgia	State	University,	Atlanta,	GA	30303,	Phone:	(404)	413‐6033,	Fax:	
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Abstract 

We predict a dramatic change of optical properties of insulating nanofilms subjected to a strong, ~0.1 1 V/Å 
optical; fields. These optical properties change reversibly from dielectric to metal-like during times that can be on the 
order of optical oscillation period for thin nanofilms 

This talk considers a new effect of metallization of dielectric films by strong THz and optical fields 
[1, 2]. We will start with adiabatic metallization. This effect is predicted to occur in electric fields above a 
threshold of 1- 1.0~E V/Ǻ directed normally to the nanofilm. It is based on adiabatic electron transfer in 
space across the nanofilm. The minimum duration of the field pulse required for the adiabaticity 
exponentially depends on the crystal thickness varying from ∼ 1 fs for a 3 nm film to ∼ 10 ns for a 10 nm 
film thickness. This metallization effect manifests itself by a dramatic change in the optical properties of the 
system above the threshold field E , which start to resemble those of metals. In particular, plasmonic 
phenomena emerge.  

In the second part of the talk, we consider dynamic metallization by a femtosecond optical single-oscillation 
pulse. In this case, ultrafast dynamic metallization takes place defined by both the interdependent adiabatic 
and nonadiabatic pathways. A single-cycle ultrafast (duration ~1 fs) optical pulse with the normal electric 
field of a ~1 V/Å amplitude incident on a dielectric nanofilm (here, a diamond crystal film with thickness ~2 
nm), induces a plasmonic metal-like dynamics that develops during an ultrashort period on the order of the 
pulse’s duration. For pulses of 1–2 fs or longer, the metallization is characterized by a large, metal-like 
polarization oscillating with optical frequencies. There is also a significant residual population of the 
conduction band and polarization oscillations extending beyond the pulse end, which strongly depends upon 
and can be coherently controlled by the adiabatic phase of accumulated by electrons during their oscillation 
cycle. Thus the dynamic metallization is due to the combination and mutual influence of both the rapid 
adiabatic (reversible) and diabatic (dissipative) mechanisms. This dynamic metallization effect can find 
applications in lightwave electronics, in particular, to create a field-effect transistor controlled by light’s 
electric field with a ~100 THz bandwidth. 

This work was supported by Grant No. DEFG02-01ER15213 from the Chemical Sciences, Biosciences and 
Geosciences Division and by Grant No. DE-FG02-11ER46789 from the Materials Sciences and Engineering 
Division of the Office of the Basic Energy Sciences, Office of Science, U.S. Department of Energy. 
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 Plasma amplifier & compressor of ultra-intensive fsec laser      
                                           for XRL    
                           Suckewer ,S.  Morozov,A.,  Li, S., Turnbull,D. and *Scully,M. 
 

                     Princeton University, School of Engineering and Applied Science, MAE Dept. 
                                                          *also  TAMU,  Physics Dept.  
 

Abstract : This presentation provides the summary of experimental research at Princeton on Stimulated 
Raman Backscattering (SRBS) amplification and compression in plasma. The main subject of the 
presentation is about obtaining high efficiency of such system. 

                       Advances in laser power and reductions in system size and cost continue to foster exploration in 
many areas of science and engineering, including x-ray lasers (XRL, which are our primarily interest. 
Currently, most high power, ultra-short pulse lasers depend on the chirped-pulse-amplification (CPA), in 
which a short laser pulse is stretched to avoid damaging an amplifying medium and then compressed after 
amplification. High power lasers require large, expensive gratings to control the nonlinear effects at power 
levels above GW/cm2 along with the requirement for uniform amplification over a broad bandwidth, which 
is both difficult and challenging. Using plasma, which can tolerate much higher radiation intensity, as the 
amplifying medium overcomes such limitation. What is important, however, is that since plasma is 
impervious to optical damage, the power can grow to much higher levels within plasma than within 
material amplifiers, gratings, or lenses.  

          The principle of exploiting in counter-propagating geometry is as follows: moderately intense, but 
long, laser pulses can be scattered into ultra-short, very intense counter-propagating pulses in plasma 
through Stimulated Raman Backscattering (SRBS).  Raman amplification of ultra-short pulses in a plasma 
is based on the three-wave interaction between the counter-propagating “seed” and “pump” pulses and the 
plasma waves as is shown schematically in Figs.1. The plasma waves, with frequency ωpe (ωpe

2 = 
4pe2ne/me), are ponderomotively driven by the periodic intensity pattern produced by the interference 
between the pump pulse and the seed 
(subpicosecond) pulse.  If the frequency detuning 
between the two pulses matches the plasma 
frequency ωpe, i.e., ωpe = ωpump - ωseed, then the seed 
pulse can be amplified by means of SRBS.  

                               
 
 

                                                                                                             
                   

               Fig.2. Concept of XRL pumped by Raman                                                                                                                                 
                                  amplifier & compressor 

      
Fig.2 shows the concept of SRBS amplified & compressor as a final stage of a future pump laser for XRL.     
         The key results for single pass SRBS experiments were, so far : output seed energy of ~3.6mJ for 
pump energy of  90mJ for energy amplification of ~ 200, spectral broadening of amplified seed exceeding 
32nm, and the pulse duration less than 90 fsec as measured with a single shot autocorrelator.  
         In double-pass SRBS the amplified seed energy almost double with its no-focused intensity reaching 
~2.5x1016W/cm2, indicating intensity amplification of 20,000 and pulse compression down to ~50fsec. 
          In the talk we will present our effort to reach output intensity in the focus of ~1020 W/cm2 from 
compact SRBS laser, creating pumping parameters for XRL operating in “water window” at 3.4nm and 
below. 
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Non-local effects in single photon superradiance  

Anatoly Svidzinsky 

Department of Physics & Astronomy, Texas A&M University  

Collective spontaneous emission from a cloud of N atoms has been a subject of long standing interest 

[1]. Recent calculations focus on the problem in which a single photon is stored in the cloud of atoms 

and then retrieved at a later time. Here I treat the problem fully quantum mechanically and take into 

account non-local (retardation) effects in photon emission. I found that for a weakly excited dense 

atomic cloud of volume   atomic evolution is described by the integral equation 
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where β(t,r) is the probability amplitude to find atom at position r excited at time t,   is the single 

atom decay rate and k₀=ω/c. For atomic slab of thickness     (Fig. 1a) I found an exact analytical 

solution of Eq. (1) describing system evolution after excitation by a plane wave               
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Fig. 1 compares solution (2) with those obtained omitting retardation. Non-local effects dramatically 

modify system evolution for thick atomic samples       leading to oscillations of atomic 

population with collective frequency   √          (Fig. 1c). Eq. (2) yields insight on how cross-

over between local and non-local dynamics occurs. In particular, it shows that initially non-local 

evolution becomes local at large time. Also, in the transition region atomic excitation in some parts of 

the sample rises above its initial value.  Cross-over between local and non-local behavior can be 

observed by increasing sample size or varying atomic density. 

[1] R.H. Dicke, Phys. Rev. 93, 99 (1954);  A.A. Svidzinsky, J.T. Chang, M.O. Scully, Phys. Rev. A 81 053821 (2010). 

Figure 1: (a) Geometry of atomic sample. (b,c) Probability 𝑃 𝑡  to find atoms excited for different  𝑅. 
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Dense plasma diagnostics using soft x-ray and extreme ultra-violet lasers

G J Tallents, York Plasma Institute, Department of Physics, University of York, York
YO10 5DD, U.K.

Soft x-ray and extreme ultra-violet (EUV) lasers with wavelengths 5.9 – 46 nm penetrate
through solid density plasmas without collective absorption effects. The critical electron
density for the EUV lasers is greater than the electron number density in a solid and
absorption of the radiation is typically dominated by the atomic process of bound-free
photoionization. The strong optical effects on refractive indices at EUV wavelengths due
to bound-free processes enable the development of diagnostics for laser-produced
plasmas at densities between the critical and ablation surfaces. At high EUV irradiances,
it is also possible to ionize material so that bound-free absorption becomes energetically
impossible and the EUV opacity drops rapidly (the opacity ‘bleaches’). This bleaching
effect has been observed in free electron laser interactions with solid targets and has been
used as a diagnostic of laser ablation of a solid target. Recent experiments using the
diagnostic potential of EUV lasers in high energy density physics are presented and
discussed.
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X-ray parametric down-conversion and the second order nonlinear susceptibility 
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PRESTO, JST, 4-1-8 Honcho, Kawaguchi, Saitama 332-0012, Japan 

e-mail: tamasaku@riken.jp 
 
 X-ray nonlinear optics [1] has been considered as a frontier in both x-ray physics and nonlinear optics, and to be explored 
with x-ray free-electron lasers (XFEL). Recently, we succeeded in observing parametric down-conversion (PDC) of x-rays 
into extreme ultraviolet [2], vacuum ultraviolet [3], and soft x-rays [4] using a synchrotron-based x-ray source, SPring-8.  
 Our precision measurements reveal unique features of x-ray nonlinear optics [5]. X-ray PDC is observed indirectly through 
quantum mechanical interference known as the Fano effect [4]. The second order nonlinear susceptibility has a microscopic 
structure, which relates to the linear susceptibility at a frequency of the down-converted idler photon [6]. As a result, the 
local optical response at long wavelengths can be investigated with an atomic resolution, much shorter than the wavelength. 
X-ray PDC serves not only as a nice playground to understand the fundamental feature of x-ray nonlinear optics, but for 
microscopic investigation of the optical property of solids and any elementary excitation which couples to the light.  
 We review the physical background of nonlinear optical phenomena in the hard x-ray region, the recent experimental 
results, and discuss the second order nonlinear susceptibility. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[1] B. Adams, Nonlinear optics, quantum optics, and ultrafast phenomena with x-rays (Kluwer, Boston, 2003). 
[2] K. Tamasaku and T. Ishikawa, Phys. Rev. Lett. 98, 244801 (2007); 102, 079902 (2009). 
[3] K. Tamasaku and T. Ishikawa, Acta Crystallogr. Sect. A 63, 437 (2007). 
[4] K. Tamasaku, K. Sawada and T. Ishikawa, Phys. Rev. Lett. 103, 254801 (2009). 
[5] K. Tamasaku et. al., Proceedings of the XIX International Conference LASER SPECTROSCOPY, edited by H. Katori 
(World Scientific, New Jersey, 2010), p.273. 
[6] K. Tamasaku, K. Sawada, E. Nishibori and T. Ishikawa, Nature Phys. 7, 705 (2011).  

Point 3. 
The line shape is understood as the Fano 
effect, which is a quantum mechanical 
interference effect between two competing 
processes, x-ray parametric down-conversion 
(the discrete level) and the Compton 
scattering (the continuum) [4].  

Point 4. 
Similar to the crystal structural analysis, the nonlinear diffraction 
reveals the structure of second order nonlinear susceptibility with the 
atomic resolution, which includes the linear susceptibility at the idler 
frequency. The above panel shows the local optical response of 
diamond at 203 Å with a resolution as fine as 0.54 Å [6]. 

Point 1. 
The reciprocal lattice 
vector is used to satisfy 
t h e  p h a s e - m a t c h i n g 
condition, resulting in 
nonlinear diffraction. 

Point 2. 
The rocking curve of nonlinear 
diffraction (the phase mismatch 
dependence of the signal intensity) 
shows unique line shape [2,3]. The 
line shape changes as the idler 
energy. The pump x-rays of the left 
panel is 9.67 keV, and the 
nonlinear crystal is a diamond.             
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Accessing Photon Bunching with a Photon Number Resolving Multi-
pixel Detector 

 
D. A. Kalashnikov, S.-H. Tan, M. V. Chekhova, and L. A. Krivitsky 

Data Storage Institute, 5 Engineering Drive 1, Singapore 117608 
 

One of the signatures of non-classical behavior of light is characterized by the 
intensity correlation function !(!). In particular coherent states for perfect detectors give 
!(!) = 1, whereas squeezed vacuum gives a !(!) = 1 + !/ !  dependence where ! is 
the inverse number of modes and !  is the average photon number of the state. This 
dependence of the squeezed vacuum state on the average photon number is taken to be a 
signature its non-classicality. Recently, the emergence of multi-pixel photon-counters 
(MPPCs) [1] has enabled the study of low photon number states such as the weak 
coherent states and the squeezed vacuum states from spontaneous parametric down-
conversion. However, these detectors exhibit crosstalk, which produces fake photon 
counts. The crosstalk causes even the coherent state to exhibit non-classical signatures. 

In our work, we characterized this anomaly by using a model of the crosstalk. This 
model describes crosstalk as a stochastic process. Each !-photon event in the MPPC has 
a probability of creating one crosstalk photon [2]. We used this model to derive an 
analytic expression for the function !(!)  measurement with the MPPC in terms of the 
function !(!)  without the crosstalk noise. With this model, we were able to explain the 
anomaly with the measurement of coherent state and also to observe photon bunching 
with the squeezed vacuum state. This is the first time photon bunching has been 
observed with the MPPC. 

 
 

[1]  M. D. Eisaman, J. Fan, A. Migdall, and S. V. Polyakov, Single-photon sources and detectors, 
Rev. Sci. Instrum. 82, 071101 (2011). 

[2] P. Eraerds, M. Legré, A.Rochas, H. Zbinden, and N. Gisin, SiPM for fast photon-counting and 
 multiphoton detection, Opt. Express 15, Issue 22, pp. 14539-14549 (2007). 

in Fig.3, the obtained dependence demonstrates good agreement with the results obtained for 
the coherent state. Similar results have been obtained measuring the idler radiation at 568nm. 

Table 1. Compilation of the fitting results 
a
 of the dependencies in F ig. 3 

 
State and Measurement 

configuration 
F igure and trace P  C O D (R

2
) 

#1 
Coherent state 

measured with MPPC 

Figures 3,4 
black dashed curve 003.0177.0  9801.0  

#2 

Signal radiation of two 
mode squeezed vacuum 
measured with MPPC 

Figure 3 
blue solid curve 002.0186.0  991.0  

a All the fittings were done using Origin software (OriginLab) by Levenberg-Marquardt algorithm, weighted for the 
experimental uncertainties. 

Next, measurements of the single-mode squeezed vacuum state were made. The optical 
axes of the crystals were set to 47.63 deg which corresponded to the collinear frequency 
degenerate phase matching. An interference filter centered at 532nm with a 2 nm FWHM was 
used to ensure that both signal and idler modes were measured. Analogous to the previous 
case, the dependence of (2)

,( )Total CTg N  was calculated from the MPPC amplitude 
histograms according to Eq.(4a). The result is shown in Fig.4 (red solid trace, circles) and 
fitted by the parameters shown in Table 2. Note that the asymptotic value of the correlation 
function for the squeezed vacuum was taken from the results of the measurements of the 
coherent state. From the obtained results it is clearly seen that on top of the crosstalk, )2(g  
reveals additional two-photon correlations, which are attributed to the two-photon nature of 
squeezed vacuum. 

 
Fig.4 (Color online). Dependence of g(2) on the mean number of photocounts per pulse, 
obtained via MPPC measurements of the coherent state (black dashed trace, squares) and the 
single-mode squeezed vacuum state (red solid trace, circles). The curves are experimental fits 
with the corresponding parameters given in Table 1, 2. Inset: the g(2) dependence at large 
numbers of photocounts. 

Figure 1. The figure shows the measurement 
of !(!) for the coherent state (squares) and 
the squeezed vacuum (circles). The presence 
of crosstalk in the MPPC causes even the 
!(!)  of the coherent state to exhibit non-
classical behavior. Our theoretical model 
explains this behavior and also accesses the 
photon bunching behavior of the squeezed 
vacuum. The overlying curves are fits of the 
experimental data to the model. 
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A review of remotely induced atmospheric lasing

Jonathan V. Thompson1 and Marlan O. Scully1,2

1Texas A&M University, College Station, TX, 77843, USA
2Princeton University, Princeton, NJ, 08544, USA

Abstract

Lasing in molecular nitrogen is discussed1,2 and remotely induced

atmospheric lasing is reviewed as proposed by Sprangle et al.3 A

con�guration for remote atmospheric lasing is presented which con-

sists of two pulses. An ultrashort pulse laser is used to form a

plasma �lament by tunneling ionization. A heater pulse thermal-

izes the seed electrons provided by the �lament. The combination of

these two pulses provides electrons that collisionally excite nitrogen

molecules and induce lasing.

1E. T. Gerry, Appl. Phys. Lett. 7, 6 (1965).
2A. W. Ali, A. C. Kolb, and A. D. Anderson, Appl. Opt. 6, 2115 (1967).
3P. Sprangle, J. R. Pe~nano, B. Ha�zi, D. F. Gordon, and M. O. Scully, Appl. Phys. Lett. 98, 211102

(2011), DOI:10.1063/1.3584034
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The generation of backwards propagating light sources for more efficient and powerful remote sensing 

techniques has been a topic of recent interest [1,2].  In particular, Dogariu et al. recently have shown the possibility 

of remote lasing through atmospheric oxygen [3].   We present closer characterization of this process in oxygen that 

result in some surprising new physical insights have far-reaching implications and will be important for the 

development of atmospheric remote sensing techniques. 

We focused down an approximately 10 ns laser source at 226 nm to a point in space using a 1 m lens. The 

generated optical gain (at 845 nm wavelength) at the focal point is a result of two-photon photolysis of atmospheric 

O2, followed by two-photon excitation of atomic oxygen.  The observed 845 nm beam is highly directional and 

nearly diffraction-limited.   Using an ultrafast photodetector in conjunction with a high bandwidth oscilloscope, we 

analyzed the temporal shapes of the emitted pulses.  These pulses exhibited rapid intensity modulations, which in the 

past have been misattributed to intensity noise from the pumping source, upon further analysis, we have shown that 

these modulations indicative of a large atomic coherence.  We conclude that the emission process is coherence 

brightening in its nature[4,5], and is fundamentally different from ordinary lasing where atomic coherence remains 

small at all times[6].  Given this discovery, it may be possible to more easily enhance the intensity of the generated 

beam. 

Furthermore, motivated by the viability of this backwards propagating, we examined various phase-

matching conditions in various four-wave mixing schemes in the counter-propagating beam configuration.  Coherent 

Raman spectroscopy is an ideal spectroscopic technique in providing both strong signal and flexibility with the 

variety of different particles it can identify without changing parameters.  Coherent stimulated Raman spectroscopy 

satisfies the conditions and gives a signal containing specific molecular spectroscopic information[7]. A counter-

propagating broadband and a narrowband pulses are used to measure the Raman spectrum with a single shot. In 

addition, the nonresonant background due to the nondegenerate four-wave mixing is suppressed.  The feasibility of 

this technique was then experimentally verified. 

Given these new developments, progress towards a novel, highly efficient remote spectroscopic technique 

is well underway.  This technique would have a wide variety of applications in both academic and commercial 

settings. 
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Strongly correlated photonic systems

Hakan E. Türeci

Department of Electrical Engineering, Princeton University, Princeton, NJ 08544, USA

Recent progress in Cavity QED (CQED) has brought forth the possibility of wiring up individual CQED
systems into lattices to investigate collective behavior and correlated phases of strongly coupled light and
matter [1-9]. Such Lattice CQED systems operate on polaritonic quasi-particles that are hybrids of light
and matter in a controllable proportion, combining long-range coherence of photons and strong interactions
typically displayed by massive particles. In this talk, I will review recent work on proposed quantum sim-
ulation of Hubbard models with Lattice CQED systems, which are akin to the celebrated Bose-Hubbard
model extensively studied with cold atomic gases in optical lattices and Josephson junction arrays. A crucial
feature of Lattice CQED systems that I will focus on is their non-equilibrium nature. Unavoidable photon
loss coupled with the ease of feeding in additional photons through continuous external driving renders such
lattices open quantum systems. Under the influence of drive and dissipation, Lattice CQED systems typically
display steady-state phases thereby providing a platform for realizing novel, non-equilibrium phases of light
and matter that may be very different from those realized with condensed matter systems.

1. References

[1] Hartmann, M., Brandão, F. & Plenio, M., Strongly interacting polaritons in coupled arrays of cavities,
Nature Phys. 2, 849–855 (2006).
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[3] Angelakis, D., Santos, M. & Bose, S., Photon-blockade-induced Mott transitions and XY spin models in
coupled cavity arrays, Phys. Rev. A 76, 031805 (2007).
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Nanoscale sensing with surface-enhanced CARS spectroscopy  
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Time-resolved coherent anti-Stokes Raman scattering (CARS) is extended to the nanoscale 

regime where nano-molar amounts of molecules may be investigated. We show that spectral 

resolution of CARS generated by ultrashort laser pulses may be improved by collecting a 

sequence of time-resolved spectra. This procedure provides additional linewidth information and 

allows detecting two species of pyridine molecules in a vicinity of aggregated gold nanoparticles. 

Surface-enhanced CARS (SECARS) signals of the adsorbed pyridine monolayer are detected in 

the presence of a bulk pyridine background CARS signal. Time-resolved SECARS signals are 

stronger than the conventional CARS, and more sensitive to the surface environment which 

makes them suitable for nano-surface characterization with high molecular specificity. This 

technique allows measuring the vibrational dephasing time of molecules on nano-surfaces and 

characterizing the effects of the surface local environment on the ultrafast molecular dynamics. 

This technique may be applied to a variety of artificial and biological systems and complex 

molecular mixtures and has a potential for nanophotonic sensing applications.  

 

Fig. 1.  Cartoon model of pyridine adsorption to gold nanoparticles and near-field 

enhancement of SECARS signals from hot spots. 
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Broadband nanoantennas for nonlinear optical spectroscopy  
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Nanoantennas with enhanced local electric fields are promising for nanoscale sensing and 

spectroscopic applications. Nanostructures with a broadband response may be desirable for 

nonlinear optical spectroscopy such as coherent anti-Stokes Raman scattering or 

multidimensional nanoscopy.  We consider various designs of nanoantennas made of gold and 

silver nanospheres (Fig. 1). The simulated nanostructures show a broadband optical response 

which may be tuned by varying the size, position and composition of nanospheres. The 

periodically branched nanostructures are also investigated which mimic random plasmonic 

nanostructures and serve as energy funnels. Broadband plasmonic nanoantennas may allow 

detecting ultrasmall concentrations of toxic materials and may find applications in light 

harvesting and nanophotonics. 
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Figure 1.  Near-field enhancement in the scanned region of broadband nanoantennas 

made of gold and silver spheres. 
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The Molecular Hubbard Hamiltonian

M. L. Wall1 and L. D. Carr1,2

1Department of Physics, Colorado School of Mines, Golden, CO 80401, USA and
2Universität Heidelberg, Physikalisches Institut, D-69120 Heidelberg, Germany

In recent years there has been a great deal of progress towards cooling heteronuclear alkali metal
dimer molecules to quantum degeneracy in their absolute ground state [1]. Ultracold polar molecules
such as these are of great interest in many fields ranging from precision science and metrology to many-
body physics [2]. Of particular interest to many-body physics is the fact that heteronuclear molecules
have permanent electric dipole moments which give rise to long-range interactions in a DC electric
field. Also, because of a nuclear quadrupole coupling, this dipole moment can also be used to access
the many internal hyperfine states in a controlled way. This paves the way to rich, complex dynamics,
such as the many-body dephasing of Rabi flopping between two internal states as shown in Fig. 1.
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FIG. 1: The population of the lowest
single-particle mode of a many-body col-
lection of molecules following a sudden
quenching of an AC microwave field dis-
plays an emergent exponential envelope for
short times.

Much of the work regarding ultracold polar molecules in
optical lattices has focused on the recreation of spin models
using often complex experimental setups. Instead, we fo-
cus on the natural many-body physics of such molecules
in setups similar to current experiments. To this end
we present the Molecular Hubbard Hamiltonian (MHH)[3],
which describes the low-energy physics of ultracold 1Σ po-
lar molecules trapped in an optical lattice in the presence
of DC electric and magnetic fields and an AC microwave
field. The electric field orients the dipole moments and thus
determines the interactions, the magnetic field controls the
nuclear spin states, and the AC field drives transitions be-
tween rotational states. Because multiple rotational states
are populated, dipolar processes which exchange a rota-
tional quantum between molecules are allowed and com-
pete with direct interactions which do not change the in-
ternal state. We also present a thorough exposition of all
energy scales down to 10Hz, which allows us to systemat-
ically truncate terms in the MHH to a consistent order of
approximation. This controlled truncation is important when discussing the stability of many-body
phases. In addition to discussing the derivation of the MHH, we will discuss its behavior in different
field regimes and for different experimentally relevant species, and provide mappings to known spin
models in specific cases in order to demonstrate the underlying many-body physics.

[1] K.-K. Ni et. al., Science 322, 231–235 (2008); S. Ospelkaus et. al. Phys. Rev. Lett. 104, 030402 (2010).
[2] L. D. Carr, D. Demille, R. V. Krems, Jun Ye, New J. Phys. 11, 055049 (2009)
[3] M. L. Wall and L. D. Carr, Phys. Rev. A 82, 013611 (2010); M. L. Wall and L. D. Carr in preparation.
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Cool quantum gases ”going ballistic”: quantum-dynamics in micro-gravity

M. Schneider, R. Nolte, QUANTUS collaboration, R. Walser∗
TU Darmstadt, Institut für Angewandte Physik, D-64289 Darmstadt, Germany

(Dated: December 8, 2011)

Optical imaging of matter-waves after releasing them from confining traps is the standard method to an-
alyze the properties of the matter-wave in the expanded form. This gives access to the structure of the
matter-wave within the optical resolution limit. In Earth-bound laboratories this expansion is usually lim-
ited by the height of the vacuum system, when the free falling atoms hit the bottom of the chamber. In the
current micro-gravity experiments at ZARM [3], this limitation is lifted as the container is co-propagating
(≈ 100 m). The ballistic expansion is limited by much lesser constraints giving raise to macroscopic conden-
sates, visible by the naked eye (2mm). In this presentation, we will discuss theoretical aspects of modeling

FIG. 1: Gallery of absorption images of 87Rb BECs created and observed in free fall in the ZARM drop tower in Bremen
[3]: time of flight of 30 ms (A), which is typical for Earth-bound laboratory, 500 ms (B) and 1 s (C). In the latter case,
the BEC extends over a distance of more than 2 mm in the z direction.

the release of a trapped quantum gas [1] with time-dependent Hartree-Fock Bogoliubov [2] equations and
simulations in the hydrodynamical regime within the Wigner approximation

i~
d

dt
G = ΣG−GΣ†, ∂tf̃(x,p, t) =

{
H, f̃

}
x,p

. (1)

Financial support: provided by the German Aeronautics and Space administration DLR (50WM 1137).

[1] Nandi, G., R. Walser, E. Kajari, and W. P. Schleich, 2007, Phys. Rev. A 76, 63617.
[2] Walser, R., J. Cooper, and M. Holland, 2001, Phys. Rev. A 63, 013607.
[3] van Zoest, T., N. Gaaloul, Y. Singh, H. Ahlers, W. Herr, S. T. Seidel, W. Ertmer, E. Rasel, M. Eckart, E. Kajari,

S. Arnold, G. Nandi, et al., 2010, Science 328(5985), 1540.

∗URL: www.iap.tu-darmstadt.de/tqd; Electronic address: Reinhold.Walser@physik.tu-darmstadt.de
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Photonic Quantum Simulation of Frustrated Spin Systems

Xiao-song Ma,1 Borivoje Dakić,2 Anton Zeilinger,1, 2 and Philip Walther2, 1

1Institute for Quantum Optics and Quantum Information (IQOQI),
Austrian Academy of Sciences, Boltzmanngasse 3, A-1090 Vienna, Austria

2Vienna Center for Quantum Science and Technology (VCQ), Faculty of Physics,
University of Vienna, Boltzmanngasse 5, A-1090 Vienna, Austria

Over the few years the degree of control over photonic single- and two-qubit operations has improved substan-
tially, which recently enables the simulation of a Heisenberg-interacting spin-1/2 tetramer.

The precise single-particle addressability [1] and tunable measurement-induced interactions allow entan-
gled photonic systems for the simulation of four spin-1/2 particles interacting via any Heisenberg-type
Hamiltonian. Recently we realized an analog quantum simulation of arbitrary Heisenberg-type interac-
tions among four spin-1/2 particles [2]. This spin-1/2 tetramer is the two-dimensional archetype system
and its ground state belongs to the class of so-called valence-bond states. These states are of interest be-
cause it was conjectured that a transition from an localized valence-bond configuration to the superposi-
tion of different valence-bond states might explain high-temperature superconductivity in cuprates. Here
we model our spin tetramer with nearest-neighbor interactions of the strength J1 and J2 by the Hamilto-
nian H = J1S⃗ 1S⃗ 3 + J1S⃗ 2S⃗ 4 + J2S⃗ 1S⃗ 2 + J2S⃗ 3S⃗ 4, where S⃗ i is the Pauli spin operator for spin i. All the
properties of the system depend only on the coupling ratio κ = J2/J1. In our quantum simulation, we
use the polarization states of four photons to simulate the spin of this tetramer, where the singlet state is
analogous to the anti-ferromagnetic coupling of two spin-1/2 particles. The initial ground state, |Φ=⟩, is
prepared by generating the photon-pairs 1 & 2 and 3 & 4 in two singlet states. Then the analog quan-
tum simulation is performed utilizing the measurement-induced interaction, consisting of quantum inter-
ference and the detection of a four-photon coincidence after superimposing photons 1 & 3 on a tunable
directional coupler (TDC). We map the parameter κ to the splitting ratio of the tunable directional coupler:
reflection rate (R) / transmission rate (T ) = κ+

√
κ2 − κ + 1. The particular advantages of the precise single-

particle addressability and a tunable measurement-induced interaction allow us to obtain not only various
valence-bond states, but also fundamental insights into entanglement dynamics among individual particles.
The figure shows a schematic drawing of the experimental setup and the various valence-blond states created
via changing the effective coupling among the spins.
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FIG. 1: A schematic drawing of the experimental setup (A). Two parametric down-conversion crystals (PDC) are pumped
to emit two pairs of photons that are superimposed at a tunable directional coupler (TDC). Dependent of the TDC’s
splitting ratio various spin-configurations can be simulated (B,C).

[1] S. Barz, G. Cronenberg, A. Zeilinger,and P. Walther, Nature Photonics 4, 533 (2010).
[2] M. S. Ma, B. Dakic, W. Naylor, A. Zeilinger,and P. Walther, Nature Physics 7, 399 (2011).
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An Optical Diode by a ‘Flying’ Photonic Crystal

Da-Wei Wang and Shi-Yao Zhu

The Chinese University of Hong Kong

Abstract

An optical diode means the light can transmit from one particular side of it to the 

other, but not in the inverse way. A photonic crystal (PC) usually has some forbidden 

and transmission bands. If we make a PC flying, for example, from left to right, the 

light incident to the PC from left or right will appear redder or bluer in the PC frame 

due to the Doppler Effect. They consequently have different transmission properties 

and we may get an optical  diode.  However, a real flying PC is not convenient in 

laboratory. They will finally fly out of our reach. We are going to make a static PC 

which seems flying.

An EIT system coupled by standing wave whose two component fields 1E  and 2E  

have detuning  δ±  respectively,  is shown in (a). The standing wave modulates the 

susceptibility periodically and it moves with velocity ( )/ bav cδ ω= , as shown in (b). 

δ  breaks the time reversal symmetry of the PC and makes it fly. Please note it is the 

standing wave that is moving rather than the medium. The reflectivities of a weak 

probe field pE  incident from left and right side, lR  and rR , are different as shown in 

(c) with levels of Cs D1 line and 0.25δ =  MHz. In the region from 0.75p∆ =  to 1 

MHz, we achieve an optical diode whose properties are easily controlled by δ .
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Performance in finite time for quantum heat engines 

Jianhui Wang, Jizhou He 

Department of Physics, Nanchang Univeristy, Nanchang 330031, China 

The Carnot cycle has the highest efficiency, but it outputs zero power because it 

requires infinite time to output a finite amount of work. Thus, research into the 

performance in finite time for heat engines has attracted great interest and seen much 

progress.  The previous literature takes for granted that an adiabat costs no time 

compared with an isothermal process. This assumption is justified in classical 

mechanics but not so in quantum mechanics, since in a quantum adiabat the time scale 

of the change in the quantum state of the system with energy E  must be much larger 

than the time scale, E~ .  Nonadiabatic dissipation (e,g,, inner friction) would 

occur if the change in the energy-level structure of the quantum system is rapid (in 

comparison with the time scale, E~ ) . 

Here, we study the finite time performance of a quantum heat engine cycle that 

includes both time spent on quantum adiabatic process and nonadiabatic phenomenon. 

Based on the fact that the external parameter affecting the energy spectrum varies at a 

small but fixed speed, we derive the cycle period which consists of times spent both 

on the two quantum isotherms and on the two adiabatic processes. By varying the 

time allocation of the four thermodynamic processes, the performance of the quantum 

heat engines is optimized and a universal behavior of the efficiency at maximum 

power output is identified.  

[1] M. Esposito, R. Kawai, K. Christia, and C. Van den Broeck, Efficiency at Maximum Power of Low-Dissipation 

Carnot Engines, Phys. Rev. Lett. 105, 150603 (2010). 

[2] J. H. Wang and J. Z. He, Performance analysis of a two-state heat engine of a single-mode radiation field in a 

cavity, Phys. Rev. E 84, 041127 (2011); J. H. Wang and J. Z. He, Optimization on a three-level heat engine 

working with two noninteracting fermions in a one-dimensional box trap, accepted by J. Appl. Phys.. 

[3] J. H. Wang and J. Z. He, Efficiency at maximum power output of quantum Carnot engines under finite-time 

operation, arXiv:1111.5077v1, submitted.  
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Effects of the Ratio of Dipole Moments on the Spontaneous 
Emission Spectrum 
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We theoretically investigated effects of the ratio of dipole moments in a 

four-level atom on spontaneous emission linewidths. We found in an isotropic 

vacuum, the greater the ratio of dipole moments is, the narrower the fluorescence 

center spectral line is, with the suitable selection of the ratio of Rabi frequencies. 

In an anisotropic vacuum, which could be induced by plasmonic structures, the 

direction that the polarization angle bisector of the two dipole moments lies along 

to achieve maximal destructive or constructive interference is closely related to 

the ratio of dipole moments. This intrinsic ratio is of great importance in control 

of spontaneous emission spectrum from quantum interferences in isotropic and 

anisotropic vacuum. 
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Mid-IR Selective Thermal Emission and Strong Coupling  
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Abstract:  We demonstrate strongly selective mid-infrared absorption and thermal emission from 

structured thin-films.  Near-perfect absorption (and strongly selective thermal emission) is obtained 

for wavelengths between 5-9µm.  Strong-coupling between optical and material resonances is 

observed as an anti-crossing of the absorption spectra of these two resonances.  Our results are 

compared to numerical simulations, as well as a straightforward analytical model, with good 

agreement between experiments and model.   

The mid-infrared (mid-IR), as the spectral range where all finite temperature biological and mechanical objects emit 

thermal radiation, and where numerous molecular species have strong vibrational absorption resonances, is of 

significant importance for both security and sensing applications.   The design of materials with engineered 

absorption resonances, which, by Kirchoff’s Law, should give strongly selective emission at the design resonance 

upon thermal excitation, allows for the control of the spectral character of the material’s thermal emission.  

Designed as a thin film coating, these structures can be applied to grey-body emitters to shift the grey-body thermal 

emission into predetermined spectral bands, altering their appearance on a thermal imaging system.  A beneficial 

consequence of the thin-film architecture is the strong confinement of incident mid-IR light to the subwavelength 

vertical dimension of the engineered photonic structure.  With this strong confinement comes the potential for 

enhanced direct detection of molecular resonances.   

Our structures consist, from the bottom up, of a metal ground-plane, a thin dielectric layer, and a patterned top metal 

layer (Fig. 1). The dimension of the patterning determines the resonant wavelength of the structure, while the 

thickness of the dielectric layer determines the strength of the absorption resonance.  Samples with varying dielectric 

thickness and top metal pattern dimensions were fabricated for this work.  Samples were characterized by reflection 

and emission spectroscopy, as a function of polarization, and emission angle [1].  Strongly selective thermal 

emission was obtained, and compared to a calibrated blackbody source.  A distinct splitting was observed at 

wavelengths spectrally coincident with an absorption resonance in our dielectric.  A series of samples were 

fabricated moving the designed resonance through the material absorption resonance and an anti-crossing of the two 

absorption spectra was observed, indicative of a strong coupling between the two resonances [2]. 

The strong spectral resonances and confinement of incident light, as well as the ease of fabrication for these 

structures, may offer a potential avenue towards thermal cloaking films and/or enhanced sensitivity mid-IR sensors.      

This work was sponsored by the AFOSR Young Investigator Program under Grant #FA9550-10-1-0226 (DW) and 

NSF Grants #ECCS-0724763, ECCS-1102183 (VP) and ECCS-0925543 (DW). 

References 
[1]  J.A. Mason, S. Smith, and D. Wasserman, Appl. Phys. Lett., 98, 241105 (2011). 
[2]  J.A. Mason, G. Allen, V.A. Podolskiy, and D. Wasserman, accepted for publication in IEEE PTL 

 
Fig. 1. (i) (a) TM and (b) TE polarized emission spectra from 1D patterned structure as a function of emission angle 

(c) COMSOL simulations of experiment in (b). (ii) (a) Schematic and SEM of structure with 2D patterned discs (b) 

Reflection and thermal emission for structure with designed resonance far from material resonance.  (iii) (a) 

Experimental and (b) 3D COMSOL simulations of structures in (ii-(a)) as the optical resonance shifts through the 
dielectric material absorption resonance.   
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Dispersion of the second hyperpolarizability of carbon tetrachloride 
 

Scott C. Wilde and David P. Shelton 
Department of Physics and Astronomy, University of Nevada, Las Vegas 

 
Direct measurements of the ratio of the second hyperpolarizability of carbon 

tetrachloride (CH4) to diatomic nitrogen are made possible through electric field 

induced second harmonic generation.  Whenever the dispersion of the second 

hyperpolarizability is not negligible, it is expected [1] that there will be deviations 

from Kleinman symmetry.  Previous experimental data of the second 

hyperpolarizability of CH4 are only available for two frequencies [2], [3], and to 

provide a direct comparison with theoretical predictions [4] require extrapolation 

to the zero frequency limit.  In order to provide a pathway of synergy between 

theory and experiment, additional gas phase measurements of this molecule at 

optical frequencies are presented and discussed. 

[1]   D. A. Kleinman, Phys. Rev. 126, 1977 (1962) 

[2]   C. K. Miller and J. F. Ward, Phys. Rev. A, 16, 1179 (1977) 

[3]   P. Kaatz, E. A. Donley, and D. P. Shelton, J. Chem. Phys.  108, 849 (1998) 

[4]   K. Ohta, et. al., Mol. Phys. 101, 315 (2003) 
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Benjamin S. Williams1,2, Zhijun Liu1,2, Philip W. C. Hon1, Amir Ali Tavallaee1,2, QiSheng Chen3, Tatsuo Itoh1 
 

1Department of Electrical Engineering, University of California Los Angeles, CA 90095 
2California NanoSystems Institute (CNSI), University of California Los Angeles, CA 90095 

3Northrop Grumman Aerospace Systems, Redondo Beach, CA 90278 
 

 
We present the development of 1D composite right-left handed (CRLH) transmission-line metamaterial structures in 
the terahertz frequency range. A conventional transmission line is described by a shunt capacitance CR and a series 
inductance LR, and exhibits right-handed (forward-wave) propagation only. A CRLH transmission line is obtained 
by loading the transmission-line with a series capacitance CL and a shunt inductance LL [1]. Proper choice of the 
lumped element values (LLCR=LRCL ) achieves the “balanced” condition, where there is a smooth transition between 
right handed and left-handed (backwards wave) propagation. CRLH structure have been used in the microwave 
frequency range to demonstrate a variety of a of guided-wave devices (i.e. multi-band and enhanced bandwidth 
components, power combiners/splitters, compact resonators), as well as radiated-wave devices (i.e. 1D and 2D 
resonant and leaky-wave antennas). 
 
We have demonstrated 1D THz metal-insulator-metal waveguides engineered to exhibit CRLH behavior. Angle-
resolved FTIR reflection spectroscopy is used to map the dispersion relation the leaky-wave regime. Left-handed 
dispersion is observed, and for properly designed structures, near-balanced operation is achieved. Tuning of the 
waveguide dispersion is achieved by varying the effective lumped element series capacitance. The response is 
strongly polarization dependent – while TE incident light couples to the CRLH modes, TM polarized light couples 
to a waveguide mode which exhibits right-handed only behavior. We explain this response, as well as the radiative 
damping, in terms of a cavity antenna model. These CRLH waveguide arrays may be useful for frequency selective 
surfaces, reflectarray antenna elements, or amplitude/phase modulators. We also discuss the implementations and 
applications of CRLH waveguides with THz quantum-cascade laser gain material, and their use as leaky-wave 
antennas [2, 3].  

(a)             (b)  
Fig. 1.   (a) SEM image of array of CRLH metal-insulator-metal waveguides. Inset shows the effective transmission line 
model for one unit cell. (b) Incident angle dependent reflection spectra taken for TE incidence. Inset shows extracted 
dispersion relation, with color scale indicating absorption magnitude (red = maximum). 

 
References 

 
[1] A. Lai, C. Caloz, and T. Itoh, "Composite Right/Left-Handed Transmission Line Metamaterials," in IEEE 

Microwave Magazine, September 2004, pp. 34-50. 
[2] A. A. Tavallaee, B. S. Williams, P. W. C. Hon, T. Itoh, and Q.-S. Chen, "Terahertz quantum-cascade laser 

with active leaky-wave antenna," Appl. Phys. Lett., vol. 99, p. 141115, 2011. 
[3] A. A. Tavallaee, P. Hon, K. Mehta, T. Itoh, and B. S. Williams, "Zero-Index Terahertz Quantum-Cascade 

Metamaterial Lasers," IEEE J. Quantum Electron., vol. 46, pp. 1091-1098, 2010. 

Speaker: Benjamin S. Williams
Session: Laser and LED Physics
Schedule: Wednesday evening invited session

PQE-2012 239
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The beautiful phenomena of nonlinear optics are explored now more than 50 years. Frequency mixing and  
harmonics generation, phase conjugation, multi-photon absorption processes, parametric oscillation, 
electro-optic modulation etc. are well-known and explained within classical electrodynamics. In the last 
decade, concepts of nonlinear optics were taken up for new, complex artificial materials and 
nanostructure-based devices. New chances to exploit light-matter interaction, besides traditional  lasers, 
appear in such exciting systems as qubits, photonic crystals and plasmonic nanocavities, superconducting 
quantum circuits etc. bridging the gap between (semi)classical nonlinear optics and quantum optics. 
 
In this contribution we give an overview about present concepts to exploit principles of nonlinear optics 
in telecommunication and sub-wavelength optics. We will then focus on two examples of using nonlinear 
optics for new devices. In case of (i) of InGaAs-quantum dot based semiconductor optical amplifiers 
(QD-SOAs) the ultrafast gain dynamics, cross-gain and cross-phase modulation will be presented and its 
advantage for ultrafast nonlinear signal processing discussed. In case of (ii) a potential use of surface-
plasmon (SP) nonlinearities for subwavelength OPOs, parametric downconversion and source of 
entangled SP pairs at ultra-compact length scales will be presented.  
 
The experimental methods we apply are femtosecond heterodyne two-color pump-probe experiments 
which allow the direct measurement of the nonlinear response in amplitude and phase. Two 
independently tunable, synchronized laser beams give access to simultaneous studies of cross-gain 
modulation (XGM) and cross-phase modulation (XPM) within an inhomogeneously broadened QD-
ensemble at wavelength differences between pump and probe pulses ranging from about 10 nm to 300 
nm. We determine the dynamics of coupled reservoir and QD states and discuss their role in wavelength 
conversion processes in QD SOAs. Self-assembled InGaAs quantum dots (QDs) show gain recovery in 
the range of a few picoseconds enabling pattern-effect-free signal amplification up to high bit-rates of 
80Gb/s @ 1.3μm. QD Electrical pumping influences the population filling of the carrier reservoir as well 
its depletion into the QD states and thus couples the (2D) reservoir dynamics with the (1D) intra-dot 
carrier dynamics.  
 
The plasmonic systems were analysed in high-resolution k-space spectroscopy in Kretschmann geometry 
to examine the emitted SHG in a way that provides precise information on SP nonlinear phase-matching. 
We propose that all permutations of surface plasmon (p) and photon (f) are allowed in the second-order 
nonlinear process of SHG, which can generate either p or f ; and that each process can be identified by its 
condition for momentum conservation (e.g. ff-f, pp-f, pf-f, ff-p, pp-p). Because each type of nonlinear 
interaction conserves momentum, we can distinguish them by their unique signature in k-space. Our 
results on thin silver films show that the role of the surface-plasmon is not merely to provide a local field 
enhancement for driving SHG at the metal surface, but it is the fundamental surface plasmons themselves 
that are annihilated and convert into the second-harmonic photon. Based on that result, concepts of 
plasmon quantum-optics, e.g. a plasmon-based entangled photon sources and a source of squeezed light 
are ultimate visions for future devices. 
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Transient absorption measurement on superradiant decay of

excited-state helium atoms

Hui Xia1,2, Luqi Yuan1, Chao Lu2, Anatoly A.

Svidzinsky1,2, Szymon Suckewer2, Marlan O. Scully1,2

1.Texas A & M University, College Station, TX 77843, USA

2.Princeton University, Princeton, New Jersey 08542, USA

Abstract

In this work, we report femto-second absorption spectroscopy measurement on excited state

helium atoms in a plasma created through optical field ionization. In a three-level ladder con-

figuration pump-probe study, the decay of extra population in the middle level transfered by a

strong resonant pump pulse is probed with sub-ps temporal resolution. The decay features two

time constants, a fast one of 20ps and a slow one at about 800ps, at an atomic density of the ex-

cited states on the order of 1013/cm3. The decay pattern can be explained with theoretical model

that takes into account of the superradiance enhancement of the single atom decay as well as the

electron-atom collisional effects. We have also observed the so called ’perturbed free induction de-

cay’ when the probe precedes the strong pump pulse: in such case, the phase and amplitude of the

atomic polarizations excited by the probe, responsible for the coherent radiation field during the

free induction decay after the passage of the weak probe, is controlled by a delayed strong pump

pulse resonantly coupling one of the probed levels to another dipole allowed level. As a result,

oscillation structures as well as significant changes appear in the collected transmission spectra of

the probe.

1
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Characterization 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: We demonstrate that concept of position dependent diffusion can be successfully
used to distinguish different regimes of the electromagnetic wave transport in random
media with absorption or gain.

Propagation of de Broglie waves (i.e. electrons) in a random potential can be classified as either ballistic,
diffusive or localized. In contrast, due to lack of conservation of the number of photons in absorbing or
amplifying random media, the electromagnetic waves have been predicted to exhibit a significantly richer
phase diagram [1], see Fig. 1a.

Interpretation of optical measurements in random media requires a theory that would be able to describe
not only the interferences of partial waves but also the modification of these interferences in a sample of
particular shape, of finite size, and due to presence of absorption or gain. Such a theory has been recently
developed [2,3] based on the self-consistent (SC) theory of Vollhardt and Wölfle [4]. The new ingredient is
the position dependence of the renormalized diffusion coefficient D(r⃗) that accounts for a varying impact of
interference effects throughout the sample and in particular near the sample boundaries.
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Figure 1. (a) Predicted [1] parameter phase space of regimes of wave transport in non-conservative random waveguides.

X and Y axes correspond to the system length L and absorption/gain length ℓa,g. (b) Renormalization of local diffusion

coefficient numerically evaluated in the middle of a diffusive sample diminishes with an increase of absorption in the

medium (circles). Return probability (solid line) which accounts for attenuation due to absorption, agrees with the

numerical data with no fitting parameters. (c) depicts the local diffusion coefficient in the middle of an absorbing

sample, D(L/2)/D0. Smaller values correspond to more localized systems; this can be used distinguish different

pockets of phase space in (a) and also shown here with solid lines.

Relationship between local diffusion coefficient and return probability (RP) [2,3] allows us to extend the
interpretation of D(z) to the non-conservative random media. Fig. 1b shows that an analytical expression
for RP in the middle of a random waveguide matches, with no fitting parameters, the renormalization of
local diffusion coefficient computed using elaborate numerical simulations [3]. Encouraged by this result we
performed a systematic numerical study of wave transport in disordered waveguide of different length and
with different amount of absorption. The plot of D(L/2)/D0 in Fig. 1c already shows clear correlations with
our predicted boundaries between different regimes of wave transport. This observation confirms our earlier
predictions of richness of wave interference phenomena in optical systems.
Acknowledgment: This work was supported by National Science Foundation Grant No. DMR-0704981.
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[4] D. Vollhardt and P. Wölfle, Phys. Rev. B 22, 4666 (1980)

Speaker: Alexey Yamilov
Session: Poster Session
Schedule: Poster Session

PQE-2012 242



Molecular Modulation Using Continuous-Wave Lasers
Deniz D. Yavuz, Josh J. Weber, and J. Tyler Green

Department of Physics, 1150 University Avenue, University of Wisconsin, Madison, WI, 53706

Optical modulators are versatile tools that have found uses in many different scientific disci-
plines. Modulators typically utilize nonlinear optical processes in crystals, such as electro-optic
and acousto-optic effects, and have achieved modulation rates approaching 100 gigahertz (GHz).
These ideas were recently extended to much faster rates using the molecular modulation technique
that utilized high-peak-power, Q-switched pulsed lasers [1]. In this talk, I will discuss our recent
experiments where the goal is to extend the molecular modulation technique to the continuous-wave
(CW) domain. In particular, I will describe a CW optical modulator at a frequency of 17.6 tera-
hertz (THz) that can modulate any beam within the wavelength range of 120 nm to 10 µm with
a single-pass efficiency roughly varying between 10−4 and 10−8. In addition to these broadband
capabilities, the modulation efficiency of our device is independent of the incident optical power,
and therefore our modulator is capable of modulating arbitrarily weak signals.

To construct our CW molecular modulator, we extend the pioneering experiments of Carlsten
and colleagues to the high-coherence, low-pressure regime [2]. We prepare the molecules to a highly
coherent state inside a high finesse cavity with two intense laser fields, the pump and the Stokes,
at wavelengths of 1.064 µm and 1.134 µm, respectively. We utilize the |ν = 0, J = 1〉 → |ν =
0, J = 3〉 rotational Raman transition in H2, which has a transition frequency of 17.6 THz. With
the molecules prepared in a coherent state, a third, weaker laser beam at a wavelength of 785 nm
passes through the system and is modulated to produce frequency up-shifted and down-shifted
sidebands at wavelengths of 750 nm and 823 nm, respectively. It is important to note that the
mirrors of the cavity do not have a high reflectivity at 785 nm, and thus the modulation is produced
in a single pass through the system. The below figure shows the predicted single-pass conversion
efficiency of our modulator (from the carrier to the sidebands) over the wavelength range 120 nm
to 10 µm at gas pressures of 0.33 atm (solid line) and 0.08 atm (dashed line).
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Quantum optics with cold polar molecules

S. F. Yelin1, 2, 3 and G.-D. Lin1, 3
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2Harvard Physics Department, Cambridge, MA 02138

3ITAMP, Harvard-Smithsonian Center for Astrophysics, Cambridge, MA 02138

FIG. 1: Depending on the superposition state of two neighboring rota-
tional states polar molecules have their dipole moment either “on” or
“off.” Using slow light polaritons, this switch is triggered, and the phase
collected by the propagating light depends on the number of excitations
with a strong nonlinearity.

Polar molecules exist in the ul-
tra cold regime now, they can
be loaded in optical lattices, and
not only electronic, vibrational,
and rotational states can be ad-
dressed selectively, but also fine
and hyperfine states. Research
on quantum optics, quantum in-
formation, and quantum simula-
tion with molecules, especially po-
lar ones that possess an electric
dipole, abounds. Nevertheless,
as of yet, the accessible types of
molecules and types of applica-
tions is very small compared to the
vast space of molecules and molec-
ular hierarchies.

In this talk, I will will high-
light (i) some aspects on how to
use quantum and nonlinear opti-
cal methods to address quantum
information with polar molecules.
The interesting aspect is that the
molecule’s dipole moment can be
switched “on” and “off” using laser light. This can be used, for example, for single-photon nonlinearities:
single photons are sent through an ensemble of polar molecules, initially in the “off” state. The presence
of the photons will excite some molecules into the “on” state, and the (nonlinear) interaction of the
dipoles can then be taken away by the photons upon leaving the molecule ensemble. Another example
would be the creation of a so-called “cluster state,” where standing wave patterns can create this pairwise
entangled ensemble in a fully scalable manner.

FIG. 2: The radiative parameters of vibrational states can strongly favor
superradiance, because of their long wavelengths. We propose to use
this effect for a laser cooling scheme that depends only very little on the
particular type of molecule.

In addition (ii) I will show how
traditional cooling methods such
as laser cooling can be adapted
for molecules. Towards this end,
I will introduce superradiance as
applied to molecular vibrational
states. The advantage of this
setup is that first, superradiance
is strong exactly for the otherwise
hard-to-access wavelengths such
as terahertz transitions, and sec-
ond, that transition can be driven
with a Raman setup, thus poten-
tially increasing the momentum
kick to the molecule dramatically.
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Temporal profile of Yoked superfluorescence in 87Rb:

experimental proposal and simulations

Zhenhuan Yi1, Pankaj K. Jha1, Luqi Yuan1,
Anatoly A. Svidzinsky1, Kai Wang1, Andrew A. Traverso1,

Dmitri V. Voronine1, Vladimir A. Sautenkov1,2,
Alexei V. Sokolov1, and Marlan O. Scully1,3

1Texas A&M University, College Station, TX 77843, USA;
2P.N. Lebedev Institute of Physics, Moscow 119991, Russia;

3Princeton University, Princeton, NJ 08544, USA;

In 1954 Robert Dicke introduced the concept of superradiance [1] to describe the cooperative spontaneous
emission of photons from a collection of atoms. Later on Feld and co-workers observed it in HF gas [2].
Recently, coherence brightened emission has been observed in atomic oxygen [3]. Enhancement of gain in the
transient regime in the presence of a coherent source has also been studied [4]. Theoretical work has been
done to study the physics of this air-laser experiment [5]. On the line of this theoretical work, we propose
an experimental investigation of the Yoked superfluorescence scheme using 87Rb as active medium.

The atoms are pumped from the ground state 52S1/2 to 92S1/2 using two-photon excitation as shown in
Fig. 1 (left). The pump wavelength is 655.7nm. The two-photon excitation creates a population inversion
on the transition 92S1/2 → 52P3/2 which triggers superfluorescence on this transition. In Fig. 1 (right), we
plot the signal (780.24 nm) field intensity versus time after it travels across the medium. For numerical
simulations we take N = 1014cm−3, a Gaussian input profile with 100fs FWHM and the length of the
medium L = 1mm. Initial populations of levels 52S1/2, 92S1/2 and 52P3/2 are 0.9, 0.1 and 0.0, respectively.
Transition 52S1/2 ↔ 92S1/2 has an initial coherence amplitude of 0.3.

5  S2
1/2

9  S2
1/2

5  P2
3/2

= 3.81 x 107s-1

λ  = 780.24 nmb    

γc

= 3.87 x 106s-1
λ  = 565.53 nmb    

γc

65
5.

76
 n

m
65

5.
76

 n
m

Time (ps)
100 15050 200

Zoomed

1

0.8

0.6

0.4

0.2

Ω
P

3
/
2
S
1
/
2
|

|
2

Fig. 1. (Left) 87Rb energy levels. (Right) Square modulus of the Rabi frequency corresponding
to the Yoked superflourescence on the transition 52P3/2 → 52S1/2 versus time.
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Optical negative refraction by four-wave mixing in thin metallic 

nanostructures 
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USA 

 
Refraction describes the process by which electromagnetic (EM) waves interact with 

optically dense materials and the subsequent change in its propagation direction. While 

all natural materials possess positive refractive index, negative refraction has been 

demonstrated in bulk artificial composites such as metamaterials and photonic crystals. 

Here, we use thin metallic film to demonstrate nonlinear negative refraction, wherein the 

incident and negatively refracted beams are at different frequencies. We find that Snell’s 

law is rigorously obeyed independent of the incidence angle. Our approach can operate 

for all frequencies and polarizations and has no nonlocal effects typically present in 

metamaterials and photonic crystals, resulting in potential applications and fundamental 

studies in super-resolution imaging and nonlinear optics.  
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Deep-subwavelength Integrated Optoelectronics 

Xiaobo Yin, Renmin Ma, Ming Liu, Erick Ulin-Avila, Rupert Oulton, Volker Sorger, Thomas 
Zentgraf, and Xiang Zhang 
NSF Nano-scale Science and Engineering Center (NSEC), 3112 Etcheverry Hall, University of 
California, Berkeley, California 94720, USA 
Material Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, 
USA 
 

To mitigate the ever worsening bandwidth crisis of current data communication 

architectures, here we present nanoscale optoelectronics devices including multiplexed 

nanolasers and high speed graphene optical modulators for future photonic integrations 

with high density. Nanoscale light sources are known for their strong divergence of 

emission, preventing the practical integration. We demonstrate nanolasers that direct 

more than 70% of the radiation into the embedded semiconductor waveguides. An array 

of lasers with different emission wavelengths are multiplexed on a single semiconductor 

waveguide, illustrating the potential for large scale photonic integration. On the other 

hand, integrated optical modulator with high modulation speed and small footprint has 

been poised to be the enabling device for on-chip optical interconnects. We 

experimentally demonstrated a broadband, high-speed, electroabsorption modulator 

based on graphene, a single layer of carbon atoms. By electrostatically tuning the Fermi 

level, we demonstrated over 1 GHz modulation of the guided light with a broad operation 

spectrum ranging from 1.35 – 1.6 µm under ambient conditions. The high modulation 

efficiency of graphene, ~0.1 dB/µm, results in an active device area of merely 25µm2.  
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Broadband birefringent metainterfaces 
Nanfang Yu*, Patrice Genevet, Francesco Aieta, Mikhail A. Kats, Zeno Gaburro, and Federico Capasso* 

School of Engineering and Applied Sciences, Harvard University, Cambridge, Massachusetts 02138, U.S.A. 
*E-mail: nyu@fas.harvard.edu; capasso@seas.harvard.edu 

Abstract: We report broadband birefringent metainterfaces comprising 2D arrays of phased 
optical antennas that can create light beams with arbitrary polarization states and arbitrary 
propagation directions over a wide spectral range. 

 

     Conventional optical components, such as lenses, are bulky because they rely on gradual phase shifts 
accumulated during light propagation to shape optical wavefronts. Ultra-thin optical devices can be created by 
exploring optical phase “discontinuities”, which can be achieved by using the large and controllable phase shift 
between the scattered and the incident radiation of an optical resonator [1,2]. Here we show that metainterfaces 
made of 2D arrays of optical antennas with spatially varying phase response can abruptly modulate the amplitude, 
phase, and polarization of optical wavefronts.  

     We studied the optical properties of the metainterface shown in Fig. 1(a). Its unit cell (yellow in Fig. 1(a)) 
consists of 8 V-shaped antennas, each supporting two orthogonal plasmonic modes with distinctive resonance 
conditions. The antennas provide a phase shift from 0 to 2 (/4 phase difference between neighbors). When 
illuminated by an incident field linearly-polarized along the  direction, the metainterface generates two beams: an 
anomalously refracted beam propagating along t = arcsin(nSisin(i)-/) direction from the surface normal and 
polarized along the (90o−)-direction, and an ordinary refraction polarized along the -direction (Figs. 1(c) and (e)). 
One can create unconventional beams with any arbitrary state of polarization and propagating along any arbitrary 
direction. A design that can create circularly polarized anomalous refraction when illuminated by a linearly-
polarized incident beam is shown in Fig. 1(d). The antenna designs are broadband, i.e., they provide the 0-to-2 
phase coverage with /4 intervals over a wide range of wavelengths from at least 5.5 to 9.9 m (Fig. 1(e)). 

    

  
Fig. 1 (a) Scanning electron microscope image of a fabricated metainterface comprising gold optical antennas on silicon. (b) The metainterface 
generates an ordinarily and an anomalously refracted beams with different polarizations indicated by the blue and red arrows, respectively. (c) 
Measured intensity of the ordinarily- (dashed curves) and the anomalously- (solid curves) refracted beams as a function of the rotation angle of a 
linear polarizer located in front of a detector ( = 0, -30, and -45 degrees for the black, red, and green curves, respectively). The incident 
wavelength is 8 m. (d) Unit cell of a metainterface that can generate anomalously refracted beams that are circularly polarized. The offset 
between the two sub-units d should satisfies dsin(t) = /4, where t is the angle of anomalous refraction. (e) Experimental results showing 
anomalous refraction (located at t > 0) from metainterfaces with various phase gradients (from 2/11µm to 2/17µm) at different wavelengths 
(from 5.5µm to 9.9µm), as well as the ordinary refraction (located at t = 0), given normal incidence excitation. 
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Gain without population inversion in Yoked
superfluorescence scheme

Luqi Yuan, Anatoly A. Svidzinsky and Marlan O. Scully
Texas A&M University, College Station, TX 77843 and Princeton University, Princeton, NJ 08544

We consider a medium composed of three-level (cascade scheme of Fig. 1) atoms prepared with coherence
between the upper and the ground state (Yoked superfluorescence system). We obtain analytical solutions
for seed pulse evolution on the upper and lower transitions for arbitrary level populations and pulse shapes.
We find that if the initial coherence is large enough and intermediate level is populated the system can have
gain without population inversion. Coherence can also yield gain suppression in the inverted medium. We
obtain conditions for the gain in terms of level populations and coherence.
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Figure 1. Left: Cascade scheme of atomic energy levels; Right: Output fields at the edge of the sample as a function
of time for population distribution ρaa = 0.1, ρbb = 0.3, ρcc = 0.6 and coherence ρac =

√
0.06i. Solid line shows

output forward field at the a → b transition, dashed line is the output backward field at the a → b transition
multiplied by 100, while dash-dot line is the forward field at the b → c transition. The collisional dephasing rate is

Γ = 109 s−1 and the density of the atoms is N = 1014 cm−3.

In the air laser experiment [1] it is likely that the system undergoes both regimes. In this experiment, the
pump pulse first excites partially the upper level a which produces population inversion between the upper
two levels. This yields backward lasing at early time, which transfers the population from the upper level
to the middle level b. During this process, the forward gain is suppressed. After some time, the upper state
population is depleted. This promotes the system into the state with ρaa < ρbb < ρcc while the long pump
pulse continues to generate coherence ρac. For these conditions the forward gain can be achieved as we show.
These processes are repeated as long as the pump field is on.

[1] A. J. Traverso, R. Sanchez-Gonzalez, L. Yuan, M. P. Grubb, K. Wang, D. V. Voronine, A. M. Zheltikov, A.
Dogariu, J. B. Michael, R. B. Miles, Y. Rostovtsev, V. Sautenkov, A. V. Sokolov, S. W. North and M. O. Scully,
Coherence Brightened Laser Source for Atmospheric Remote Sensing (preprint).
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Plasma Assisted Coherent Backscattering for
Standoff Spectroscopy

Luqi Yuan1, Konstantin E. Dorfman1, Alexey M. Zheltikov1,2, and Marlan O. Scully1,3

1Texas A&M University, College Station, TX 77843
2M. V. Lomonosov Moscow State University,

Moscow, 119992, Russia
3Princeton University, Princeton, NJ 08544

We show that an intense coherent backward signal can be generated through a Raman-type four-wave
mixing process of Fig. 1 using forward propagating fields only. Phase matching for this process is achieved
through a plasma modulation of the refractive index. Two near-UV pulses and one infrared pulse are applied
as pump, Stokes, and probe fields, giving rise to a scattered signal in the backward direction. The vibrational
information provided by this backward signal can be used for real-time remote sensing of the atmosphere.
As an example, we have shown that a backward signal of pJ energy can be generated by scattering off the
vibrational coherence in sulfur dioxide molecules with a concentration at the ppm level.
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Figure 1. Wave-vector (a) and energy (b) diagrams of coherent backscattering in a double Λ scheme in the standoff
mode. (c) The real (np(ω)) and imaginary part (κ(ω)) of the refractive index of plasma as a function of the field
frequency ω. Here ne = 1.357 × 1019 cm−3, ωp = 2.076 × 1014 Hz and ν = 2.596 × 1013 Hz. (d) The energy of the

coherent backward signal as a function of the gain length..
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Estimation of Electron Temperature and Density 

Using Population Distribution over Excited States 
 

Boris Zelener 

Joint Institute of High Temperature of the Russian Academy of Sciences, Moscow, 

Russia 
 

In this work we demonstrate a method for estimation of free electrons' 

temperature and density in ultracold plasma. Using measured populations of excited 

atoms we calculate Te and ne in case of weakly coupled plasma. A good agreement with 

recent theoretical results is observed. We also generalized this method to the case of 

strongly coupled plasma. It can be useful for data analysis in future experiments with 

ultracold neutral plasma with various Coulomb coupling parameter.  
The experimental studies of ultracold neutral plasma (UNP) was reported in [1-3]. 

This publications initiate many works related to free electrons temperature and density 

measurements. To determine this plasma parameters various indirect methods were 

used. For example, in [4, 5] proposed a rather comprehensive way to estimate free 

electrons temperature Te in case of weakly coupled plasma. However it looks like there 

are no methods for determining the density of free electrons ne. Also, there are no 

practices for ne and Te estimate in a strongly coupled plasma. In this paper we develop a 

simple method for free electrons ne and Te determination. It is based on measuring of 

excited states populations in UNP with any Coulomb couple parameter. As it shown in 

Fig.1, this method is consistent with the results of [4, 5] in case of weakly coupled 

plasma. 

 
Figure 1. Estimation of free electrons 

temperature in a weakly coupled 

plasma for various initial sets of Te 

and ne. Filled squares - data from [4], 

filled diamonds - data from [5]. 

Filled star - this work. 
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[2] S. Kulin, T.C. Killian,S.D. Bergeson et al., Phys.Rev.Lett 85, 31 (2000) 

[3] T.C. Killian, M.J. Lim, S. Kulin et al., Phys.Rev.Lett 86, 3759 (2001) 
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Tanya Zelevinsky, Gael Reinaudi, Christopher B. Osborn
Columbia University, Department of Physics

Ultracold Molecules in Optical Lattices
for Vibrational Time & Frequency Metrology

The best timekeeping devices are currently based on atoms, since they are self-calibrated, and
can be exquisitely controlled with light. For example, clocks using neutral atoms in optical lattices
keep time to 1 s in 200 million years 1, while clocks with single trapped ions can be accurate to 1
s in 4 billion years 2. All state-of-the art atomic clocks, including the primary Cs standard, count
the frequency of an electronic transition, either in the optical or in the microwave regime. Here we
present the development of a fundamental time standard that is based not on an electronic transition
but on a fundamental vibrational frequency of a diatomic molecule; the frequency regime is 10’s
of THz. Such a clock is complementary to atomic clocks, particularly in its distinctive sensitivity
predominantly to the electron-proton mass ratio µ rather than the fine structure constant α (as the
optical atomic clocks), or a combination of α, µ, and the nuclear g-factor (as the microwave atomic
clocks). Due to the relatively high operating frequency and thus a large achievable Q-factor, and
to the large samples of molecules that can be created an interrogated in optical lattice traps for a
high signal to noise ratio, the molecular clocks can in principle achieve low instabilities that are
competitive with state-of-the-art atomic clocks. Photoassociated alkaline-earth-like atoms such as
strontium (Sr) 3 are good candidates for metrology due to their low sensitivity to external fields,
and the availability of atomic clock transitions that can be used for frequency comparisons 4. We
show the trapping, photoassociation, and spectroscopy of µK-temperature Sr and Sr2 in 1D and 2D
optical lattices, as well as the pathways and relevant projections for observing and measuring the
clock transitions.

1A. D. Ludlow et al., Science 319, 1805 (2008)
2C. W. Chow et al., Phys. Rev. Lett 104, 070802 (2010)
3T. Zelevinsky et al., Phys. Rev. Lett. 96, 203201 (2006)
4T. Zelevinsky et al., Phys. Rev. Lett. 100, 043201 (2008)

Speaker: Tanya Zelevinsky
Session: Ultra Cold Molecules
Schedule: Tuesday Morning Invited Session 1

PQE-2012 252



Pulse-shaper-assisted phase control of a coherent  
broadband spectrum of Raman sidebands 

 
Miaochan Zhi, Kai Wang, Xia Hua, Alexei Sokolov 

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

 
Abstract: We develop a technique for optimizing the phase of broad spectrally-separated 
frequency sidebands.  Coarse phase adjustment is combined with fine-tuning of the spectral phases 
to overcome the limited temporal shaping window of the pulse shaper.   

 

The molecular modulation technique has potential for synthesizing optical pulses as short as a fraction of a fs. This 
Raman technique, as originally proposed for molecular gases, shows promise for highly efficient production of such 
ultrashort pulses in the near-visible spectral region, where such pulses inevitably express single-cycle nature and 
may allow non-sinusoidal field synthesis. 

We have extended the molecular modulation method to Raman-active crystals, which has the potential of generating 
fewer ultrashort pulses per train. Controlling the phases of the Raman sidebands is an essential step in synthesizing 
ultrashort pulses. Here we show a step by step procedure to optimize the phase of a ``holey" spectrum [1]. The 
spectrum is comb-like but each comb line (Raman sideband) has a broad bandwidth. We also show precise phase 
control of a broadband coherent Raman spectral comb [2].  

Combination of manual and computer controlled pulse shaping is an essential ingredient in our work.  Overall, we 
use 4 steps to optimize the phases of the sidebands: 1) overcome the limited pulse shaping bandwidth and limited 
temporal pulse shaping window of the pulse shaper by pre-compensating the delays among the sidebands by adding 
different amounts of glass in each sideband beam path. 2) compensate the second order phase distortion of each 
sideband. 3) overlap all 5 sidebands in time, and 4)  adjust the relative phases of the sidebands by using the coherent 
beating between the SFG of the A n-1 and ASn+1 and the SHG of ASn (with n being the sideband order). A flat phase 
across the spectrum of the five sidebands is thus achieved, which is sufficient to produce Fourier-transform-limited 
(FTL) pulses.  

To verify that we have achieved the flat spectral phase and to show that we can fully control the sideband phases, we 
record the SHG/SFG spectrum after the BBO crystal as we vary AS2 phase for two cases: (a) all 5 sidebands are in 
phase and (b) AS3 is π out of phase with the other 4 sidebands at the beginning of the scan when ϕ2=0. The results 
are shown in Fig. 1.  When AS3 is π radians out of phase with the rest of 4 sidebands, at multiple integers of 2 π 
positions the π phase shift of AS3 leads to an interchange in the positions of the peaks and nulls in the intensities of 
the subband C D and F as we vary AS2 phase, as shown in Fig. 1 (bottom).  

Fig. 1. The SHG/SFG spectrum of the 5 sidebands after BBO crystal as we 
vary the AS 2 phase from 0 to 10π, after we adjust the relative phase among 
all sidebands to be equal (top) or when AS3 is π out of phase with respect to 
the other 4 sidebands (bottom). Subband A, C, G: SHG of AS1, 2 and 4, 
respectively; B: SFG of AS1&2; D: SFG of AS1&4, and SFG of AS2&3; E: 
SHG of AS3, SFG of AS1&5, and AS2&4; F: SFG of AS3&4. 

In conclusion, we show our capability to control spectral phases 
of Raman sidebands in a precise and stable manner. Our setup 
allows for both coarse, manual phase adjustments and fine-tuning 
of the spectral phases. A flat spectral phase across these 5 
frequency-separated sub-bands is achieved, which implies 
generation of 2 to 3 optical-cycle pulses.  

References  
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(2011). 
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Manipulating polariton states of a coupled cavity-atom 

 system with atomic coherence and interference 
 

Yifu Zhu 

Department Physics, Florida International University, Miami, FL, USA 

Telephone: (305)348-4075, Fax:(305)348-6700, E-mail: yifuzhu@fiu.edu 
 
We study coherent manipulation of quantum states of atoms and photons in a coupled 

cavity and atom system, and explore the interplay between cavity QED and atomic 

coherence and interference. The cavity-atom system consists of multi-level atoms 

coupled to a cavity mode. We show that a free-space control laser can be used to 

suppress the excitation of bright cavity polaritons and induce large Kerr nonlinearities, 

which can be used to study light control light such as all optical switching and cross-

phase modulation at low light intensities [1]. The free-space control laser can also be 

used to obtain intra-cavity electromagnetically induced transparency and generate the 

dark cavity-atom polariton [2-4]. An additional free-space laser can then be used to 

manipulate the dark cavity-atom polariton and create the doublet of the dressed cavity-

atom polaritons in analogous to the dressed doublet of the laser coupled two-level 

atoms (see Fig. 1). We will discuss our experiments with cold atoms confined in an 

optical cavity, and present recent experimental results. 
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Fig. 1 (a) Transmission spectrum of a cavity coupled to coherently prepared three-

level atoms. The two sideband peaks represent bright polaritons and the central 

peak represents the dark polariton (cavity EIT). (b) With an additional laser 

coupling the atoms to a fourth level, the dark polariton is split into two peaks. The 

blue (red) lines are experimental measurements (theoretical calculations). 
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Open quantum system phase transition: the case of a driven
condensate in a cavity

Barış Öztop1,2, Mykola Bordyuh2, Özgür E Müstecaplıoğlu3 and Hakan E. Türeci2,1

1 Institute for Quantum Electronics, ETH Zürich, 8093 Zürich, Switzerland
2 Department of Electrical Engineering, Princeton University, Princeton, New Jersey 08544, USA

3 Department of Physics, Koç University, İstanbul, 34450, Turkey

Recent experiments have demonstrated an open system realization of the single-mode Dicke quantum
phase transition in the motional degrees of freedom of an optically driven Bose-Einstein condensate in a
cavity [1,2]. We investigate the effects of openness on the phase transition and propose three photodetection
schemes to probe the collective light-matter excitations of the system. While the non-equilibrium nature of
the system derives from the leakiness of the cavity, photons leaking out also provide an invaluable channel to
continuously monitor the intra-cavity dynamics. We show that the superradiant phase transition occurring
in the photonic channel is equivalent to a superfluid-supersolid phase transition from the point of view of
the atomic condensate. This phase transition can be captured by examining the long-range correlations
between atoms mediated by cavity photons. The presence of such long-range correlations are reflected in the
excitation spectrum which displays a roton-like minimum.

1. References
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