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Preface
Welcome to PQE-2014. This is the 44th annual Winter Colloquium on the Physics
of Quantum Electronics, one of the longest running conferences on laser and quantum
physics.
There are 218 talks scheduled over 4 days, including 33 plenary and 185 invited
talks, covering a wide range of physics from nanostructures, metamaterials and plasmonics, light-matter interaction, x-ray and gamma-ray optics and lasers, novel spectroscopy, quantum information and communication, and studies of complex media.
The program also includes a lively poster session on the last day.
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 University. 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. Michal Bajcsy, Federico Capasso, JiXin Cheng, Kent D. Choquette, Marcus T. Cicerone, Scott Diddams, Nader Engheta,
Daniele Faccio, Dan Gauthier, Alexander Govorov, Philip Hemmer, Carsten Henkel,
Robin Kaiser, Olga Kocharovskaya, Peter Krüger, Gershon Kurizki, Ken Meissner,
Pierre Meystre, Frank Narducci, Peter Nordlander, Eric Potma, Mark Raizen, Ernst
Maria Rasel, Stephan Reitzenstein, Jorge Rocca, Yuri Rostovtsev, Ralf Röhlsberger,
Wolfgang Schleich, Vlad Shalaev, Alexei Sokolov, A. Douglas Stone, Kerry Vahala,
John Walker, Yanhong Xiao, Vladislav Yakovlev, Nanfang Yu, Nikolay Zheludev,
Shi-Yao Zhu, and M. Suhail Zubairy 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. Stefanie Pacheco has done all the interfacing between
us and the facilities people in the Cliff Lodge, taking over from Kelly Wilkins who
helped us in previous years.
It is my hope that this conference is useful and interesting.
George R. Welch, Texas A&M University
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Schedule

The conference takes place on January 5-9, 2014. The program consists of three
parts: there is a reception on Sunday evening, January 5; the technical sessions are
on Monday through Thursday mornings and evenings, January 6–9; and the poster
session with dinner is on Thursday afternoon, January 9. All events take place in the
Cliff Lodge at Snowbird.
Event

When and Where

Reception

Sunday evening, January 5
Time: 6:00 p.m.
Room: Golden Cliff
Notes: Includes pizza and crudités buffet dinner.

Continental Breakfast

Monday-Thursday mornings, January 6-9
Time: 7:00 a.m.
Room: Ballroom 2
Notes: Includes coffee and tea, juice, and pastries.

Technical Sessions

Monday-Thursday, January 6-9
Time: 7:30 a.m. – 1:00 p.m.,
7:00 p.m. – 10:30 p.m.
Rooms: Ballrooms 1 and 2
Magpie Rooms A and B
Wasatch Room A.
Notes: The technical sessions occur morning and evening.
See the program for information about rooms for individual talks. Your afternoons are free to enjoy the
atmosphere.

Poster Session and Buffet
Dinner

Thursday evening, January 9
Time: 5:00 p.m. – 7:00 p.m.
Room: Ballroom 3
Notes: Posters may be put up starting Wednesday morning, January 8. The “official” session is listed above, and
includes a buffet dinner.
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Location

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

Information for Participants
Eating

The conference provides dinner on Sunday and Thursday evenings, and breakfast on
Monday through Thursday mornings. All other meals are the responsibility of the
participants.
Dinner on Sunday will be served during the reception, starting at 6:00 p.m. We
will provide a pizza buffet, with cheese plates and crudités. Soft drinks and two
alcoholic beverages per person will be free. Subsequent alcoholic beverages will be
sold for cash. A continental breakfast of coffee and tea, pastries, and juice will be
provided each morning at 7:00 before the first plenary session. The breakfast will be
in Ballroom 2. A buffet dinner will be provided during the poster session on Thursday
evening. This will commence at 5:00 p.m. in Ballroom 3.
Many participants choose to eat lunch each day in the Atrium restaurant, on level
B of the Cliff Lodge, just outside the ballrooms. This restaurant serves 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 $25.00) and a
20% discount on treatments of 50 minutes or more.
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
Thursday evening. No one likes for their audience to be only the other speakers.
The only way the meeting can work is if all participants attend as many talks
as possible.
• Talk duration:
– Plenary talks are 30 minutes, including questions and laptop setup.
– Invited talks are 20 minutes, including questions and laptop setup.
• The meeting rooms will have LCD projectors (aka beamers). Computers are
not provided. Please plan to use your own computer or share with another
person in your session.
• 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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Lamb Award

The Willis E. Lamb Award for Laser
Science and Quantum Optics.
The Willis E. Lamb Award for Laser Science and Quantum
Optics is presented annually at PQE for outstanding contributions to the field. The award honors Willis E. Lamb, Jr.,
famous laser scientist and 1955 winner of the Nobel Prize in
physics, who gave us many seminal insights and served as our
guide in so many areas of physics and technology.
The award is sponsored by the Physics of Quantum Electronics (PQE) conference
and presented at its Winter Colloquium in Snowbird, Utah. The award will be presented at PQE-2014 at 10:30 a.m. on Wednesday morning, January 8, 2014. The
2014 winners are:
Pierre Meystre, University of Arizona
For pioneering work on many-body quantum optics from the free-electron laser
to quantum gases.
Shi-Yao Zhu, Beijing Computational Science Research Center
For pioneering work ranging from lasing without inversion to quenched spontaneous emission.
M. Suhail Zubairy, Texas A&M University
For pioneering work ranging from noise-free amplification to super Rayleigh
resolution.

Pierre Meystre

Shi-Yao Zhu

Zubairy photo by Timothy St. Martin, Texas A&M University, 2013. All rights reserved.
Zhu photo provided by Prof. Zhu, 2013. Used with permission.
Meystre photo by Jeff Smith, 2013, All rights reserved.

More information: http://www.lambaward.org/
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M. Suhail Zubairy
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Program

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

Cliff Lodge, Snowbird, UT, USA

Block diagrams of sessions

Monday, January 6, 2014
7:00

Continental Breakfast – Ballroom 1&2

7:25
9:10

Plenary Session 1 – Ballroom 1&2
Invited Session:
Frontiers in
Plasmonics: Light
Harvesting

Invited Session:
New Directions in
Photonic Microwave
Synthesis

Invited Session:
Fundamentals of
Quantum
Mechanics

Ballroom 1

Magpie A

Magpie B

10:10

Coffee Break – Ballroom 2

10:30
11:40

Plenary Session 2 – Ballroom 1&2
Invited Session:
Frontiers in
Plasmonics:
Metamaterials

Invited Session:
New Directions in
Photonic Microwave
Synthesis

Invited Session:
Spectroscopic
imaging: from
physics to medicine

Ballroom 1

Magpie A

Magpie B

Invited Session:
Opto-Mechanics
Wasatch A

Afternoon free
19:00
20:50

Plenary Session 3 – Ballroom 1&2
Invited Session:
Flat optics based
on Metasurfaces:
Science and
Applications
Ballroom 1

PQE-2014

Invited Session:
Cavity enhanced
light-matter
interactions

Invited Session:
Spectroscopic
imaging: from
physics to medicine

Magpie A

Magpie B
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Invited Session:
Novel techniques
for improved
resolution in optics
and spectroscopy
Wasatch A
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Tuesday, January 7, 2014
7:00

Continental Breakfast – Ballroom 1&2

7:30
9:10

Plenary Session 1 – Ballroom 1&2
Invited Session
Nano-Meta 1
Ballroom 1

10:30

Invited Session:

Invited Session:

Quantum
Thermodynamics

Nanophotonic and
laser physics

Magpie A

Magpie B

Wasatch A

Coffee Break – Ballroom 2

10:50
12:00

Invited Session:
Spectroscopy in
Biology and
Medicine

Plenary Session 2 – Ballroom 1&2
Invited Session:
Frontiers in
Plasmonics:
Nonlinear Effects

Invited Session:
Spectroscopy in
Biology and
Medicine

Ballroom 1

Magpie A

13:00

Invited Session:
Femtosecond
microscopy in the
single molecule
limit
Magpie B

Invited Session:
Frontiers of microand nanolasers
Wasatch A

Short Break to collect lunch

13:30

Special Plenary Session – Ballroom 1&2
Afternoon free

19:00
20:50

Plenary Session 3 – Ballroom 1&2
Invited Session:
Frontiers in
Plasmonics:
Quantum Effects
Ballroom 1
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...
Magpie A
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Invited Session:
Femtosecond
microscopy in the
single molecule
limit
Magpie B

Invited Session:
Semiconductor
nanostructures for
quantum
communication
Wasatch A
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Wednesday, January 8, 2014
7:00

Continental Breakfast – Ballroom 1&2

7:30
9:10

Plenary Session 1 – Ballroom 1&2
Invited Session:

Invited Session:

Invited Session:

Invited Session:

Frontiers in
Plasmonics: SERS

Quantum and
gamma optics

Quantum
Informatics

Novel Optics

Ballroom 1

Magpie A

Magpie B

Wasatch A

10:10

Coffee Break – Ballroom 2

10:30

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

11:00
11:40

Plenary Session 2 – Ballroom 1&2
Invited Session:

Invited Session:

Invited Session:

Nano-Meta 2

X-ray lasers

Quantum
information

Ballroom 1

Magpie A

Magpie B

Invited Session:
Atom
Interferometry,
General Relativity,
and Cold Atoms
Wasatch A

Afternoon free
19:00
20:50

Plenary Session 3 – Ballroom 1&2
Invited Session:

Invited Session:

Invited Session:

Nano-Meta 3

X-rays in the
Quantum World

Molecular
modulation

Ballroom 1

Magpie A

Magpie B
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Invited Session:
New coherent
sources of
radiation
...
Wasatch A
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Thursday, January 9, 2014
7:00

Continental Breakfast – Ballroom 1&2

7:30
9:10

Plenary Session 1 – Ballroom 1&2
Invited Session:
Frontiers in
Plasmonics:
Oligomers

Invited Session:
Quantum
analogues and
analogies

Invited Session:
Atom-Surface
Interactions

Invited Session:
Bio-sensing with
quantum-optical
emitters

Ballroom 1

Magpie A

Magpie B

Wasatch A

10:30

Coffee Break – Ballroom 2

10:50
12:00

Plenary Session 2 – Ballroom 1&2
Invited Session:
Optically Active
Nanostructures
and Related
Applications
Ballroom 1

Invited Session:
Quantum
analogues and
analogies
Magpie A

Invited Session:
Casimir friction:
viscosity of the
electromagnetic
vacuum
Magpie B

Invited Session:
Novel phenomena
in steady-state
lasing from ab
initio theory
Wasatch A

Afternoon free
17:00

Poster Session and Buffet Dinner – Ballroom 2&3

19:00
20:50

Plenary Session 3 – Ballroom 1&2
Invited Session:
Optically Active
Nanostructures
and Related
Applications
Ballroom 1

PQE-2014

Invited Session:

Invited Session:

X-ray optics and
attosecond physics

Controlling Matter
with Light

Invited Session:
Spectroscopic
Tools for Use in
Complex Media

Magpie A

Magpie B

Wasatch A
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Numbers in brackets refer to the page number of the abstract

5.2

List of all sessions in detail

Monday, January 6 2014
Monday Morning Plenary Session 1
Location: Ballroom 1 and 2 — George R. Welch, Chair
7:25 George R. Welch, Texas A&M University, “Welcoming remarks”
7:30 Martin Moskovits, University of California, Santa Barbara, “Plasmons and hot charge
carriers” [ 208 ]
8:00 Scott Diddams, NIST, Boulder, “Photonic generation of ultrastable microwave signals”
[ 105 ]
8:30 Wolfgang Schleich, Universität Ulm, Germany, “Schrödinger equation revisited” [ 238 ]

Monday Morning Invited Session 1
Breakout Session 1: Frontiers in Plasmonics: Light Harvesting.
Location: Ballroom 1 — Martin Moskovits, Chair
9:10 Pierre Berini, University of Ottawa, “Electrically-Contacted Metal Nanodipole Antennas
on Si” [ 77 ]
9:30 Jim Schuck, Molecular Foundry, Lawrence Berkeley National Laboratory, “PlasmonicallyEnhanced Solar-Matched Photocatalytic Water-Splitting using GaN Surface States” [ 240 ]
9:50 Christian Huck, University of Heidelberg, “Nanoantenna dimers as SEIRS substrate”
[ 153 ]

Breakout Session 2: New Directions in Photonic Microwave Synthesis.
Location: Magpie A — Scott Diddams, Chair
9:10 Kerry Vahala, California Institute of Technology, “Towards Chip-based All-optical Microwave Synthesis” [ 268 ]
9:30 Lute Maleki, OEwaves, Inc., “The New Generation of Photonically Generated Microwave
and mm-Wave Oscillators” [ 194 ]
9:50 John Jost, EPFL, “Frequency Comb Generation in Optical Microresonators via Soliton
Formation” [ 165 ]

Breakout Session 3: Fundamentals of Quantum Mechanics.
Location: Magpie B — Wolfgang Schleich, Chair
9:10 Christopher Fuchs, Raytheon BBN Technologies, “Schroedinger Equation Revisited
Again” [ 124 ]
9:30 Ralf Menzel, Universität Potsdam, “Complementarity and Induced Coherence in Parametric Down Conversion” [ 203 ]
9:50 Maxim Efremov, Ulm University, “Novel condition for a quantum state to be Gaussian”
[ 108 ]
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Monday Morning Plenary Session 2
Location: Ballroom 1 and 2 — Marcus T. Cicerone, Chair
10:30 Ji-Xin Cheng, Purdue University, “Label-free Spectroscopic Imaging: From Physics to
Medicine” [ 94 ]
11:00 Robin Kaiser, INLN, CNRS, Nice, “Opto-mechanical instabilities in cold atoms” [ 166 ]

Monday Morning Invited Session 2
Breakout Session 1: Frontiers in Plasmonics: Metamaterials.
Location: Ballroom 1 — Peter Nordlander, Chair
11:40 Federico Capasso, Harvard University, “Widely tunable plasmonic antennas with
graphene and applications to high responsivity, high speed detectors” [ 88 ]
12:00 Gennady Shvets, University of Texas at Austin, “Spectrally Selective Super-Chiral Silicon
Metasurfaces Based on Infrared Fano Resonances” [ 246 ]
12:20 Mikhail Kats, Harvard University, “Origins of resonance broadening in plasmonic nanostructures” [ 168 ]
12:40 Koray Aydin, Northwestern University, “Resonant Absorption Phenomena in Metals:
How to make good use of optical losses?” [ 69 ]

Breakout Session 2: New Directions in Photonic Microwave Synthesis.
Location: Magpie A — Kerry Vahala, Chair
11:40 Michael Tobar, The University of Western Australia, “Precision Metrology and Frequency
Generation using Cryogenically Cooled Low-Loss Crystalline Whispering Gallery Mode Resonators” [ 266 ]
12:00 Peter J. Delfyett, CREOL, The College of Optics & Photonics, “Coherent Optical Signal
Processing and Low Noise Microwave Generation using Stabilized Optical Frequency Combs
from Mode-locked Semiconductor Diode Lasers” [ 101 ]
12:20 Yann Le Coq, LNE-SYRTE, “Novel techniques for low noise microwave generation with
optical frequency combs” [ 100 ]
12:40

Breakout Session 3: Spectroscopic imaging: from physics to medicine - 1.
Location: Magpie B — Ji-Xin Cheng, Chair
11:40 Xueding Wang, University of Michigan, “Photoacoustic Spectrum Analysis of Tissue
Texture” [ 277 ]
12:00 Conor Evans, Harvard Medical School, “CARS Microscopy for Visualizing Treatment Response in Skin” [ 114 ]
12:20 Kelvin Wong, Houston Methodist Research Institute, Weill Cornell Medical College,
“Image-guided Endomicroscopy of Brain Tumor Labelled with Fluorescent Oncolytic Virus”
[ 285 ]
12:40 Libai Huang, University of Notre Dame, “Elucidating Energy Relaxation in Single Nanostructures with Ultrafast Microscopy” [ 151 ]
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Breakout Session 4: Opto-Mechanics.
Location: Wasatch A — Robin Kaiser, Chair
11:40 Dan Gauthier, Duke University, “Observation of ultra-low-light-level self-organized pattern formation in driven cold atoms” [ 125 ]
12:00 Wenlan Chen, Massachusetts Institute of Technology, “All-Optical Switch and Transistor
Gated by One Stored Photon” [ 93 ]
12:20 Gordon Robb, University of Strathclyde, SUPA, “Kinetic model of optomechanical selfstructuring in cold atomic gases” [ 230 ]
12:40 Sarang Gopalakrishnan, Harvard University, “Frustration and glassiness in spin models
with cavity-mediated interactions” [ 131 ]

Monday Evening Plenary Session
Location: Ballroom 1 and 2 — Federico Capasso, Chair
19:00 Nanfang Yu, Columbia University, “Controlling Light Propagation in Free Space and in
Waveguides with Metasurfaces” [ 292 ]
19:30 Michal Bajcsy, IQC/University of Waterloo, “Cavity enhanced light-matter interactions
and their use for non-classical light generation” [ 73 ]
20:00 Yanhong Xiao, Fudan University, “Novel resonance technique with sub-coherence-lifetime
limited linewidth and (possible) relation to weak measurement” [ 286 ]

Monday Evening Invited Session
Breakout Session 1: Flat optics based on Metasurfaces: Science and Applications.
Location: Ballroom 1 — Nanfang Yu, Chair
20:50 Lei Zhou, Fudan University, China, “New surface waves in gradient-index metasurfaces”
[ 300 ]
21:10 Anders Pors, University of Southern Denmark, “Gap plasmon-based metasurfaces for
control of light” [ 217 ]
21:30 Ortwin Hess, Imperial College London, “Active Metasurfaces: From Loss-Compensation
to Stopped-Light Lasing” [ 146 ]
21:50 Anthony Grbic, University of Michigan, “Metamaterial Huygens’ Surfaces” [ 134 ]
22:10

Breakout Session 2: Cavity enhanced light-matter interactions.
Location: Magpie A — Michal Bajcsy, Chair
20:50 James K. Thompson, JILA, “10 dB of Directly Observed Spin Squeezing” [ 263 ]
21:10 Thomas Babinec, Stanford University, “Efficient Light-Matter Interface Based on a
Metaphotonic Cavity Containing a Single Quantum Dot” [ 70 ]
21:30 Jon Simon, University of Chicago, “Engineering Photonic Quantum Materials: Progress
and Perspectives” [ 248 ]
21:50 Marko Loncar, Harvard University, “Diamond – Engineer’s Best Friend!” [ 190 ]
22:10 Vasily N. Astratov, UNC-Charlotte, “Microspherical Photonics: Giant Resonant Propulsion Forces” [ 67 ]
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Breakout Session 3: Spectroscopic imaging: from physics to medicine - 2.
Location: Magpie B — Conor Evans, Chair
20:50 Marcus T. Cicerone, NIST, “Coherent Raman Spectroscopic Fingerprint Imaging” [ 98 ]
21:10 Chris Xu, Cornell University, “Deep Brain Imaging with Multiphoton Microscopy” [ 287 ]
21:30 Thomas van Dijk, Beckman Institute for Advanced Science and Technology, “Stimulated
third-order optical processes: the gain factor” [ 106 ]
21:50 James Chan, University of California, Davis, “Label-Free Monitoring of Cancer Cell Response to Chemotherapy Drugs Using Raman Spectroscopy” [ 91 ]
22:10 Wolfgang Langbein, Cardiff University, “Label-free quantitative chemical imaging with
hyperspectral coherent anti-Stokes Raman scattering microscopy” [ 182 ]

Breakout Session 4: Novel techniques for improved resolution in optics and laser
spectroscopy.
Location: Wasatch A — Yanhong Xiao, Chair
20:50 Kai-Hong Luo, University of Paderborn, Germany, “High-Visibility Correlated Imaging
with Thermal Light” [ 192 ]
21:10 Valerii Zapasskii, SPbSU, SOLAB, St. Petersburg, Russia, “Optics of spin noise” [ 294 ]
21:30 Jianming Wen, Yale University, “Superfocusing light down to tens of nanometers in Fresnel near field” [ 281 ]
21:50 John Howell, University of Rochester, “Compressive Quantum Sensing” [ 149 ]
22:10 Hebin Li, Florida International University, “Determining system Hamiltonian with optical
three-dimensional coherent spectroscopy” [ 186 ]

Tuesday, January 7 2014
Tuesday Morning Plenary Session 1
Location: Ballroom 1 and 2 — Mark Havey, Chair
7:30 Gershon Kurizki, Weizmann Institute, Israel, “Work and Cooling Bounds in Quantum
Thermodynamics” [ 180 ]
8:00 Vadim Backman, Northwestern University, “Photonics meets biophysics and biology:
from nanoimaging to winning the war on cancer” [ 72 ]
8:30 Nader Engheta, University of Pennsylvania, “Metastructures: Form vs Function” [ 111 ]
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Tuesday Morning Invited Session 1
Breakout Session 1: Metamaterials and Metasurfaces.
Location: Ballroom 1 — Nader Engheta, Chair
9:10 Andrea Al, University of Texas at Austin, “Giant Nonreciprocal and Nonlinear Effects in
Metamolecules, Metasurfaces and Metamaterials” [ 63 ]
9:30 Natalia Litchinitser, SUNY Buffalo, “Free Space Metamaterials” [ 189 ]
9:50 George Eleftheriades, University of Toronto, “Meta-surfaces for Electromagntic Wavefront Manipulation” [ 110 ]
10:10 Vlad Shalaev, Purdue University, “Enabling Nanophotonics with Plasmonics and Metamaterials” [ 243 ]

Breakout Session 2: Spectroscopy in Biology and Medicine.
Location: Magpie A — Vladislav Yakovlev, Chair
9:10 Michelle Rhodes, Georgia Tech, “Identifying and avoiding instability in ultrashort pulse
measurements” [ 227 ]
9:30 Atsushi Taguchi, RIKEN, “DUV tip-enhanced Raman scattering for nano resonance Raman spectroscopy” [ 260 ]
9:50 Hao F. Zhang, Northwestern University, “Extracting tissue metabolism using optical coherence tomography” [ 295 ]
10:10 Igor Lednev, University at Albany, SUNY, “TERS of Amyloid Fibrils: Method Supremacy
and Challenges in Data Interpretation” [ 184 ]

Breakout Session 3: Quantum Thermodynamics.
Location: Magpie B — Gershon Kurizki, Chair
9:10 Kilian Singer, University of Mainz, “Non-equilibrium statistics and thermodynamic machines with trapped ions” [ 249 ]
9:30 Jörg Schmiedmayer, Vienna Center for Quantum Science and Technology, “Does an
isolated quantum system relax?” [ 239 ]
9:50 Igor Mazets, Atominstitut (TU Wien), Vienna, Austria, “Relaxation of phonons in a
one-dimensional integrable bosonic system” [ 197 ]
10:10

Breakout Session 4: Nanophotonic and laser physics.
Location: Wasatch A — Weng Chow, Chair
9:10 Kent D. Choquette, University of Illinois, “Optical Phased Microcavity Laser Arrays”
[ 96 ]
9:30 P. Scott Carney, University of Illinois, “Nanoholography: fast quantitative phase imaging
at the nanoscale” [ 89 ]
9:50 John Bowers, University of California, Santa Barbara, “Hybrid III-V Silicon Quantum
Dot and Quantum Dot Lasers” [ 81 ]
10:10 J. Gary Eden, University of Illinois Urbana, “Injection-Seeded Optoplasmonic Amplifier
in the Visible” [ 107 ]
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Tuesday Morning Plenary Session 2
Location: Ballroom 1 and 2 — Ed Fry, Chair
10:50 Eric Potma, University of California, Irvine, “Femtosecond Microscopy in the Single
Molecule Limit” [ 218 ]
11:20 Frank Jahnke, University of Bremen, “Non-classical light emission from quantum dots in
optical microcavities” [ 156 ]

Tuesday Morning Invited Session 2
Breakout Session 1: Frontiers in Plasmonics: Nonlinear Effects.
Location: Ballroom 1 — Peter Nordlander, Chair
12:00 David Smith, Duke University, “Film-Coupled Nanoparticles as a Platform to Investigate
Enhanced Nonlinearity” [ 250 ]
12:20 Cristian Ciracı̀, Duke University, “Dramatic Enhancement of Third-Harmonic Generation
in Plasmonic Nanostructures via Nonlocal Effects” [ 99 ]
12:40 Mikhail A. Noginov, Norfolk State University, “SPP dispersion in presence of R6G dye:
Strong coupling or not?” [ 211 ]

Breakout Session 2: Spectroscopy in Biology and Medicine.
Location: Magpie A — Vadim Backman, Chair
12:00 Sergey Arzhantsev,
Biopharmaceuticals”

US FDA, “Deep UV Resonance Raman Spectroscopy of

12:20 Yasuaki Kumamoto, RIKEN, “Deep-ultraviolet resonance Raman spectroscopy for
biomolecular imaging and analysis in cells” [ 179 ]
12:40 Vladislav Yakovlev, Texas A&M University, “Ultrasensitive absorption and ultrasentive
and simple Raman measurements for biomedical optical spectroscopy and sensing” [ 288 ]

Breakout Session 3: Femtosecond microscopy in the single molecule limit.
Location: Magpie B — Naomi Ginsberg, Chair
12:00 Greg Hartland, University of Notre Dame, “Transient absorption microscopy studies of
single metal and semiconductor nanostructures” [ 139 ]
12:20 Richard P. Van Duyne, Northwestern University, [Title Not Provided]
12:40 V. Ara Apkarian, University of California, Irvine, “Molecular Quantum Optics: Tomographic state reconstruction in ensembles and single molecules” [ 65 ]

Breakout Session 4: Frontiers of micro- and nanolasers.
Location: Wasatch A — Frank Jahnke, Chair
12:00 Sven Hoefling, Technische Physik, Wuerzburg University, “An electrically pumped quantum well exciton-polariton laser” [ 147 ]
12:20 Weng Chow, Sandia National Laboratories, “Emission properties from nanolasers during
transition to lasing” [ 97 ]
12:40 Stephan Reitzenstein, Technische Universität Berlin, “On-Chip Quantum Optics using
Electrically Driven Quantum Dot - Micropillar Cavities” [ 225 ]
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Tuesday Afternoon Plenary Session
Location: Ballroom 1 and 2 — George R. Welch, Chair
13:30 Mikhail Lukin, Harvard University, “New interfaces between quantum optics and
nanoscience” [ 191 ]
14:00 A. Douglas Stone, Yale University, “Einstein and Quantum Mechanics: It’s Not What
You Think” [ 253 ]

Tuesday Evening Plenary Session
Location: Ballroom 1 and 2 — Virgil Sanders, Chair
19:00 Peter Nordlander, Rice University, “Quantum Plasmonics and Applications in Light
Harvesting” [ 212 ]
19:30 Anatoly Svidzinsky, Texas A&M University, “Quantum amplification by superradiant
emission of radiation” [ 259 ]
20:00 Jean-Michel Gerard, CEA/INAC Grenoble, “Quantum optics in photonic wires and
trumpets” [ 127 ]

Tuesday Evening Invited Session
Breakout Session 1: Frontiers in Plasmonics: Quantum Effects.
Location: Ballroom 1 — Peter Nordlander, Chair
20:50 Javier Aizpurua, CSIC-UPV/EHU and DIPC, “Optoelectronics of subnanometric metallic gaps” [ 60 ]
21:10 Romain Quidant, ICFO, Spain, “Controlled interaction of single NV centers with surface
plasmons” [ 219 ]
21:30 N. Asger Mortensen, Technical University of Denmark, “Nonlocal response in plasmonic
nanoparticles and dimers” [ 207 ]
21:50 Garnett Bryant, NIST, “Approaching the quantum limit for metal nanoparticle plasmonics: dimers and quantum dot nanohybrids” [ 86 ]
22:10 David J. Masiello, University of Washington, “Signatures of Electromagnetic Hot Spots
and Fano Interferences in Electron Energy-Loss and Cathodoluminescence Spectroscopies”
[ 196 ]
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Breakout Session 2: New coherent sources of radiation: from LWI to parametric
collective oscillators (QASER).
Location: Magpie A — Anatoly Svidzinsky, Chair
20:50 Marlan O. Scully, Texas A&M University, “From masers to lasers and phasers to qasers”
[ 241 ]
21:10 Luqi Yuan, Texas A&M University, “QASER: detailed analysis and further developments”
[ 293 ]
21:30 Joel Greenberg, Duke University, “Steady-state superradiance via emergent order in a
cold atomic vapor” [ 135 ]
21:50 Gabriel Shchedrin, Texas A&M University, “Collective nonlinear oscillators from twolevel atoms” [ 244 ]
22:10 Xiwen Zhang, Texas A&M University, “Superradiant control of γ-ray propagation by
vibrating nuclear arrays” [ 297 ]

Breakout Session 3: Femtosecond microscopy in the single molecule limit.
Location: Magpie B — Eric Potma, Chair
20:50 Markus Raschke, University of Colorado and JILA, “Impedance matching to quantum
systems with optical antennas and femtosecond control” [ 222 ]
21:10 Paola Borri, Cardiff University, “Transient four-wave mixing micro-spectroscopy of single
nanoparticles” [ 80 ]
21:30 H. Kumar Wickramasinghe, University of California, Irvine, “Near Field OptoMechanics and Detecting Optical Resonance” [ 282 ]
21:50 Naomi Ginsberg, University of California, Berkeley, “Single domain spectroscopy: Imaging heterogeneous exciton dynamics in organic semiconducting thin films” [ 128 ]
22:10 Svetlana Malinovskaya, Stevens Institute of Technology, “Enhanced contrast CARS for
a single molecule imaging” [ 195 ]

Breakout Session 4: Semiconductor nanostructures for quantum communication.
Location: Wasatch A — Stephan Reitzenstein, Chair
20:50 Peter Michler, University of Stuttgart, “On-demand generation of indistinguishable
polarization-entangled photon pairs” [ 205 ]
21:10 Dirk Englund, Massachusetts Institute of Technology, “High-Speed Quantum Communication Using Time-Energy Entangled Photons” [ 112 ]
21:30 Andreas Knorr, Technische Universität Berlin, “Theory of feedback control of quantum
light and phonon emission from semiconductor quantum dots” [ 171 ]
21:50 Gregor Weihs, University of Innsbruck, Austria, “Entangled Photon Pairs from Semiconductors” [ 279 ]
22:10 Ying Gu, Peking University, “Dark-plasmons-induced gain without population inversion
in hybrid quantum dot-metallic nanoparticle system” [ 136 ]
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Wednesday, January 8 2014
Wednesday Morning Plenary Session 1
Location: Ballroom 1 and 2 — Norbert Kroó, Chair
7:30 Pierre Meystre, University of Arizona, “Multimode aspects of quantum optomechanics”
[ 204 ]
8:00 Shi-Yao Zhu, Beijing Computational Science Research Center, “High order duality: theory
and experiment” [ 301 ]
8:30 M. Suhail Zubairy, Texas A&M University, “Quantum communication with invisible
photons” [ 302 ]

Wednesday Morning Invited Session 1
Breakout Session 1: Frontiers in Plasmonics: SERS.
Location: Ballroom 1 — Peter Nordlander, Chair
9:10 Timur Shegai, Chalmers University, Sweden, “Directional emission and plasmon-exciton
coupling in plasmonic nanostructures.” [ 245 ]
9:30 Lasse Jensen, Pennylvania State University, “Surface-enhanced linear and nonlinear spectroscopy from first-principles” [ 160 ]
9:50 Katherine (Kallie) Willets, University of Texas at Austin, “Super-resolution imaging of
plasmonic nanostructures” [ 284 ]

Breakout Session 2: Coherent and Quantum X-ray optics.
Location: Magpie A — Chris O’Brien, Chair
9:10 Olga Kocharovskaya, Texas A&M University, “Ultrashort Pulses of Recoilless GammaRadiation and Coherent Control of the Waveforms of Gamma-Photons” [ 172 ]
9:30 Wen-Te Liao, Max Planck Institute for Nuclear Physics, “X-Ray Quantum Phase Control
Using Nuclear Polaritons” [ 187 ]
9:50 Sharon Shwartz, Bar Ilan University, “X-Ray Second Harmonic Generation” [ 247 ]

Breakout Session 3: Quantum Informatics.
Location: Magpie B — M. Suhail Zubairy, Chair
9:10 Laszlo Kish, Texas A&M University, “”Demonic” challenge:
dissipation” [ 170 ]

Landauer’s erasure-

9:30 Qiang Zhang, University of Science and Technology of China, “Recent Progress in Quantum Communication” [ 296 ]
9:50 Robert Boyd, University of Ottawa, “Weak values and the direct measurement of the
quantum wavefunction” [ 82 ]
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Wednesday Morning Plenary Session 2
Location: Ballroom 1 and 2 — Marlan O. Scully, Chair
10:30 Marlan O. Scully, Texas A&M University, “Presentation of the 2014 Willis E. Lamb
Award”
11:00 Nikolay Zheludev, University of Southampton and NTU Singapore, “Coherent Control of
Metamaterials” [ 299 ]

Wednesday Morning Invited Session 2
Breakout Session 1: Functionalized Metastructures and Quantum Metamaterials.
Location: Ballroom 1 — Nikolay Zheludev, Chair
11:40 Steven Anlage, University of Maryland, “Nonlinear Superconducting Quantum Metamaterials” [ 64 ]
12:00 Susanne Yelin, University of Connecticut and Harvard University, “Coherences in atomic
gas-based metamaterials” [ 289 ]
12:20 Harry Atwater, California Institute of Technology, “Quantum Plasmonics: Quantum Interference and Strong Coupling of Surface Plasmons” [ 68 ]
12:40 Cesare Soci, CDPT, Nanyang Technological University, Singapore, “Cognitive Photonic
Networks” [ 251 ]

Breakout Session 2: X-ray lasers.
Location: Magpie A — Sharon Shwartz, Chair
11:40 Carmen Menoni, Colorado State University, “Advances in nanoscale chemical imaging
and patterning using soft x-ray light from bright table-top lasers” [ 202 ]
12:00 Jorge Rocca, Colorado State University, “Ultra-High Energy Density Relativistic Plasmas
and X-Ray Generation by Ultrafast Laser Irradiation of Nanowire Arrays” [ 231 ]
12:20 Szymon Suckewer, Princeton University, “SRBS Amplifier & Compressor for Ultraintense
Fsec Laser as the Pump for XRL in “Water Window”” [ 257 ]
12:40 Siegfried Glenzer, SLAC National Accelerator Laboratory, “Measuring the physical properties of matter in extreme conditions with a seeded x-ray laser” [ 129 ]

Breakout Session 3: Quantum information.
Location: Magpie B — Olga Kocharovskaya, Chair
11:40 Hugues de Riedmatten, ICFO-The Institute of Photonic Sciences, “Waveguide Quantum
Frequency Conversion of Heralded Single Photons emitted by Rubidium Quantum Memories
to Telecom Wavelengths” [ 229 ]
12:00 Byoung S. Ham, GIST, “rephasing-based solid state quantum memory” [ 138 ]
12:20 Philippe Goldner, Chimie Paristech, “Sub-MHz Optical Homogeneous Linewidth in Rare
Earth Doped Nanocrystals” [ 130 ]
12:40 Chris O’Brien, Texas A&M University, “The difficulties of storing single photons in EIT
quantum memory, when four-wave-mixing is present” [ 213 ]
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Breakout Session 4: Atom Interferometry, General Relativity, and Cold Atoms.
Location: Wasatch A — Pierre Meystre, Chair
11:40 Ernst Maria Rasel, Leibniz Universität Hannover, “Atom-chip based interferometers”
[ 223 ]
12:00 Danielle Braje, MIT Lincoln Labs, “Comparison among Ramsey, spin-echo and CPMG
pulse protocols for magnetometry applications” [ 83 ]
12:20 Mark D. Havey, Old Dominion University, “Forward light scattering from a dense and
cold microscopic 87Rb sample” [ 141 ]
12:40 Alex Sugarbaker, Stanford University, “Large momentum transfer atom interferometry
in a 10 m tower” [ 258 ]

Wednesday Evening Plenary Session
Location: Ballroom 1 and 2 — Jörg Evers, Chair
19:00 Yuri Rostovtsev, University of North Texas, “Coherent sources of radiation: from LWI
to cooperative emission of radiation” [ 233 ]
19:30 Ralf Röhlsberger, DESY, “X-ray Cavity Quantum Optics” [ 236 ]
20:00 Alexei Sokolov, Texas A&M University, “Pulse Shaping and Beam Shaping through
Broadband Coherent Raman Generation” [ 252 ]

Wednesday Evening Invited Session
Breakout Session 1: Metadevices and Metasystems.
Location: Ballroom 1 — Vlad Shalaev, Chair
20:50 Mark Brongersma, Stanford University, “Device Applications of Metafilms and Metasurfaces” [ 85 ]
21:10 Kevin O’Brien, University of California, Berkeley, “Phase Mismatch–Free Nonlinear
Propagation in Optical Zero-Index Materials” [ 214 ]
21:30 Andrew Weiner, Purdue University, “Temporal Cloaking at Telecommunications Rates”
[ 280 ]
21:50 Evgenii Narimanov, Purdue University, “Photonic Hyper-Crystals” [ 210 ]
22:10 Alexey Belyanin, Texas A&M University, “Nonlinear generation of THz surface plasmons
in graphene and topological insulators” [ 76 ]

Breakout Session 2: X-rays in the Quantum World.
Location: Magpie A — Ralf Röhlsberger, Chair
20:50 Martin Beye, HZB, “Stimulated X-ray emission in Solids” [ 78 ]
21:10 Jörg Evers, Max Planck Institute for Nuclear Physics, “Mössbauer meets Fano for line
shape control” [ 115 ]
21:30 Peter Abbamonte, University of Illinois, “Crystallographic refinement of collective excitations using standing wave inelastic X-ray scattering” [ 58 ]
21:50 Pierre Thibault, UCL, “Mixed-state reconstruction and X-ray imaging” [ 262 ]
22:10 Dawei Wang, Texas A&M University, “Heisenberg Limit Superradiant Super-resolving
Metrology” [ 273 ]
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Breakout Session 3: Molecular modulation.
Location: Magpie B — Alexei Sokolov, Chair
20:50 Joshua J. Weber, University of Wisconsin, “Broadband spectrum generation using
continuous-wave molecular modulation” [ 278 ]
21:10 Masayuki Katsuragawa, University of Electro- Communications, Japan, “Attractive natures in a set of a highly-discrete coherent spectrum” [ 169 ]
21:30 Totaro Imasaka, Kyushu University, “Generation of Numerous Raman Sidebands for
Fourier Synthesis of an Ultrashort Optical Pulse beyond the 1-fs Barrier” [ 154 ]
21:50 Kai Wang, Texas A&M University, “Ultrafast Waveforms Synthesis Using Coherent Raman Sidebands in a Reflection Scheme” [ 275 ]
22:10 Valery Milner, UBC, “Molecular super rotors: controlled spinning of molecules to extreme
rotational states” [ 206 ]

Breakout Session 4: New coherent sources of radiation: from LWI to parametric
collective oscillators (QASER).
Location: Wasatch A — Yuri Rostovtsev, Chair
20:50 Gennady Koganov, Ben Gurion University of the Negev, Israel, “Field-driven super/subradiant lasing without imposed atomic cooperativity” [ 173 ]
21:10 Romain Bachelard, IFSC - Univ. São Paulo, “Cooperativity in light scattering by cold
atoms” [ 71 ]
21:30 Anil Patnaik, WPAFB/Wright State, “Ultrafast non-equilibrium saturation of resonant
emission process” [ 216 ]
21:50 Juha Javanainen, University of Connecticut, “Absence of local-field corrections in a homogeneously broadened medium” [ 158 ]
22:10

Thursday, January 9 2014
Thursday Morning Plenary Session 1
Location: Ballroom 1 and 2 — Robert Boyd, Chair
7:30 Naomi J. Halas, Rice University, “Plasmonics: nanoparticles putting light to work” [ 137 ]
8:00 Daniele Faccio, Heriot-Watt University, “Negative frequencies and light” [ 117 ]
8:30 Peter Kruger, University of Nottingham, “Nano-scale atom traps on a chip” [ 177 ]
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Thursday Morning Invited Session 1
Breakout Session 1: Frontiers in Plasmonics: Oligomers.
Location: Ballroom 1 — Naomi J. Halas, Chair
9:10 Bjorn Reinhard, Boston University, “Collective Plasmon Resonance Engineering in Discrete Metallo-Dielectric Molecules and Optoplasmonic Multiscale Arrays” [ 224 ]
9:30 Christy Landes, Rice University, “Spectroelectrochemistry of Plasmonic Nanoparticles”
[ 181 ]
9:50 Stephan Link, Rice University, “Monitoring Charge Interactions through Changes in the
Plasmon Linewidth” [ 188 ]
10:10 Jonathan Fan, University of Illinois, “Ultra-Smooth Metallic Nanoparticles for Precision
Plasmonics” [ 120 ]

Breakout Session 2: Quantum analogues and analogies.
Location: Magpie A — Daniele Faccio, Chair
9:10 Andrea Aiello, Max Planck Institute Erlangen: MPL, “A quantum-mechanical view of
classical light” [ 59 ]
9:30 Jonathan Leach, Heriot-Watt University, “Conditional visibility and its connection to
weak measurement” [ 183 ]
9:50 Fabio Biancalana, Heriot-Watt University, “Negative frequencies in nonlinear optics: new
developments” [ 79 ]
10:10 Goëry Genty, Tampere University of Technology, “Extreme events in fiber-optics systems
and possible links with oceanic rogue waves” [ 126 ]

Breakout Session 3: Atom-Surface Interactions.
Location: Magpie B — Peter Kruger, Chair
9:10 Ron Folman, Ben-Gurion University of the Negev, “Matter-wave interferometry close to
a surface” [ 121 ]
9:30 Mark Fromhold, University of Nottingham, “The interplay between ultracold atoms, semiconductor surfaces and quantum electronic systems” [ 122 ]
9:50 Helge Hattermann, Universität Tübingen, “Atomic coherence on a superconducting microchip” [ 140 ]
10:10 Francesco Intravaia, Humboldt Univ. Berlin, “Investigating and manipulating atomsurface interactions” [ 155 ]
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Breakout Session 4: Bio-sensing with quantum-optical emitters.
Location: Wasatch A — Philip Hemmer, Chair
9:10 Lachlan Rogers, Ulm University, Germany, “The silicon vacancy centre in diamond as a
superb single photon source (and beyond?)” [ 232 ]
9:30 Andrey Jarmola, University of California, Berkeley, “Microwave Saturation Spectroscopy
of Nitrogen-Vacancy Ensembles and Supernatural Diamond” [ 157 ]
9:50 Ania Bleszynski Jayich, University of California, Santa Barbara, “Quantum assisted
sensing with diamond spins” [ 159 ]
10:10 Dirk Englund, Massachusetts Institute of Technology, “Super-resolution Imaging and Sensing Using Fluorescent Diamond Nanocrystals” [ 113 ]

Thursday Morning Plenary Session 2
Location: Ballroom 1 and 2 — Alexey Belyanin, Chair
10:50 Alexander Govorov, Ohio University, “Optically-active hybrid nanostructures: Excitonplasmon interaction, injection of hot plasmonic electrons and chirality” [ 132 ]
11:20 A. Douglas Stone, Yale University, “Steady-State Ab Initio Laser Theory: Overview and
New Developments” [ 254 ]

Thursday Morning Invited Session 2
Breakout Session 1: Optically Active Nanostructures and Related Applications.
Location: Ballroom 1 — Alexander Govorov, Chair
12:00 Gary Wiederrecht, Argonne National Lab, “Coupled Plasmons and Excitons in Nanostructures: Opportunities for Enhanced Light Harvesting and Energy Conversion” [ 283 ]
12:20 Stephen K. Gray, Argonne National Laboratory, “Dynamical Control of Optical Interactions on the Nanoscale: Ultrafast Excitation of Plasmon-Exciton Systems” [ 133 ]
12:40 Hilmi Volkan Demir, Nanyang Technological University, “Nanocrystal Optoelectronics
for Quality Lighting and Displays” [ 103 ]

Breakout Session 2: Quantum analogues and analogies.
Location: Magpie A — Andrea Aiello, Chair
12:00 Miles Padgett, University of Glasgow, “Full-Colour, Computational Ghost Video” [ 215 ]
12:20 Per Delsing, Chalmers University of Technology, “Simulating relativistic motion in superconducting circuits: Dynamic Casimir effect and the twin paradox” [ 102 ]
12:40 Andrea Di Falco, University of St Andrews, “Synthetic optical materials for advanced
photonics applications” [ 119 ]
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Breakout Session 3: Casimir friction – On the viscosity of the electromagnetic vacuum.
Location: Magpie B — Carsten Henkel, Chair
12:00 Matthias Krüger, Universität Stuttgart, “Linear Response in Fluctuational Electrodynamics” [ 178 ]
12:20 Stefan Scheel, University of Rostock, Germany, “Casimir-Polder forces on moving atoms
and nonreciprocal media – a macroscopic view on quantum friction” [ 237 ]
12:40 Javier Garcia de Abajo, ICFO - The Institute of Photonic Sciences, “Vacuum and Thermal Friction in Rotating Particles” [ 57 ]

Breakout Session 4: Novel phenomena in steady-state lasing from ab initio theory.
Location: Wasatch A — A. Douglas Stone, Chair
12:00 Stefan Rotter, Vienna University of Technology, “Pump-controlled exceptional points and
directional random laser emission” [ 234 ]
12:20 Yidong Chong, Nanyang Technological University, “S-matrix Theory of the Laser
Linewidth” [ 95 ]
12:40 Steven G. Johnson, Massachusetts Institute of Technology, “Nonlinear laser linewidths
in the SALT framework” [ 163 ]

Thursday Evening Plenary Session
Location: Ballroom 1 and 2 — Szymon Suckewer, Chair
19:00 Margaret Murnane, University of Colorado, Boulder, “Single attosecond pulses in the
soft x-ray region of the spectrum: a favorable convergence of physics” [ 209 ]
19:30 Mark Raizen, University of Texas at Austin, “Magneto-Optical Control of Atomic Motion”
[ 221 ]
20:00 John Walker, Texas A&M Agrilife Research, “Dealing with Complexity on the Wasatch
Front” [ 272 ]

Thursday Evening Invited Session
Breakout Session 1: Optically Active Nanostructures and Related Applications.
Location: Ballroom 1 — Hilmi Volkan Demir, Chair
20:50 Nicholas A. Kotov, University of Michigan, “Chiral Nanoscale Materials - Why, What,
and How” [ 175 ]
21:10 Hugh H. Richardson, Ohio University, “Heat Transfer at a Solid/Liquid Interface using
Optical Excited Gold Nanoheaters” [ 228 ]
21:30 Chris Hogan, University of Minnesota, “Vapor Phase Synthesis of Nanoscale Gold Aggregates” [ 148 ]
21:50 Peter Racz, Wigner Research Centre for Physics, Hungary, “Novelties in multiplasmon
electron emission from gold” [ 220 ]
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Breakout Session 2: X-ray optics and attosecond physics.
Location: Magpie A — Margaret Murnane, Chair
20:50 Henry Kapteyn, JILA/University of Colorado, “Imaging using high-harmonic light
sources: pushing light microscopy to its ultimate limits?” [ 167 ]
21:10 Amelle Zair, Imperial College London, [Title Not Provided]
21:30 Timur Akhmedzhanov, Texas A&M University, “Modulation induced transparency in
IR pump-XUV probe ionization experiments” [ 61 ]
21:50

Breakout Session 3: Controlling Matter with Light.
Location: Magpie B — Mark Raizen, Chair
20:50 Jabez McClelland, NIST, “Ultrabright ions from ultracold atoms” [ 199 ]
21:10 Tom Mazur, University of Texas at Austin, “Scalable isotope separation at high efficiency”
[ 198 ]
21:30 Herman Batelaan, University of Nebraska-Lincoln, “Coherent control of electrons” [ 75 ]
21:50 Mark Kasevich, Stanford University, [Title Not Provided]

Breakout Session 4: Spectroscopic Tools for Use in Complex Media.
Location: Wasatch A — John Walker, Chair
20:50 Ken Meissner, Texas A&M University, “Using Red Blood Cells to Monitor Blood Analytes” [ 201 ]
21:10 Dmitri Voronine, Texas A&M University, “Portable Spectroscopic Tools for Agri-BioPhotonics” [ 270 ]
21:30 Mike McShane, Texas A&M University, “Implantable Luminescent Biosensors” [ 200 ]
21:50 Philip Hemmer, Texas A&M University, “Bio-sensing opportunities for quantum-optical
emitters” [ 144 ]
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5.3

Poster session

5:00–7:00 p.m., Thursday, January 9, 2014.
Nikola Alic, University of California, San Diego
[Title Not Provided]
Narangerel Altangerel, Texas A&M University
“Multiplicative stochastic noise in quantum optics” [ 62 ]
Gombojav O. Ariunbold, Texas A&M University
“Two-photon Absorption Laser Induced Super-Fluorescence Towards Sky Lasing” [ 66 ]
Charles Ballmann, Texas A&M University
“On conical emission in dense sodium vapor” [ 74 ]
Danielle Braje, MIT Lincoln Labs
“Enhanced Quantum Spin-Sensing Using Light Trapping in a Bulk Diamond System” [ 84 ]
Han Cai, Texas A&M University
“Coherence-brightened backward emissions in sodium” [ 87 ]
Alexander Cerjan, Yale University
“Steady-state ab initio laser theory for complex gain media” [ 90 ]
Maria Chekhova, MPL Erlangen, Germany
“Single-mode source of bright squeezed vacuum” [ 92 ]
Maxim Efremov, Ulm University
“Novel three-body bound states in atomic mixtures” [ 109 ]
Jörg Evers, Max Planck Institute for Nuclear Physics
“Diffractionless image propagation and frequency conversion via four-wave mixing exploiting the thermal motion
of atoms” [ 116 ]
James Fakonas, California Institute of Technology
“Quantum Interference with Surface Plasmons” [ 118 ]
Ed Fry, Texas A&M University
“Instrumentation to Directly Measure the Backscattering Coefficient bb” [ 123 ]
Mark D. Havey, Old Dominion University
“Induced narrow resonances in two-photon excitation of atomic Cs” [ 142 ]
Zhe He, Texas A&M University
“Towards Surface-Enhanced Imaging with Double-Tip Nanoantennas” [ 143 ]
Carsten Henkel, University of Potsdam
“Two-photon interferences with a virtual polarizer and a nonlocal phase shifter” [ 145 ]
Jiazhong Hu, Massachusetts Institute of Technology
“Towards generating entangled spin states for quantum metrology by single-photon detection” [ 150 ]
Wayne Huang, Texas A&M University
“Qaser in an optomechanical system” [ 152 ]
Pankaj Jha, University of California, Berkeley
“Interacting Dark Resonances with Plasmonic Meta-Molecules” [ 161 ]
Pankaj Jha, University of California, Berkeley
“Quantum-Coherence-Enhanced Lasing and Spasing” [ 162 ]
Amit Joshi, Texas A&M University
“Spontaneous parametric down-conversion using a pulse train” [ 164 ]
Aleksey Korobenko, UBC
“Rotational spectroscopy with an optical centrifuge” [ 174 ]
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Haokun Li, University of California, Berkeley
“Robust Photon Interactions in Detuned Optomechanical Cavities” [ 185 ]
Wen-Te Liao, Max Planck Institute for Nuclear Physics
“X-Ray Quantum Phase Control Using Nuclear Polaritons” [ 187 ]
Kai-Hong Luo, University of Paderborn, Germany
“Two-color narrowband photon pair source with high brightness based on clustering in a monolithic waveguide
resonator” [ 193 ]
Samantha Xuexin Ren, Lawrence Berkeley National Laboratory
“single-photon transport and mechanical NOON state generation in micro cavity optomechanics” [ 226 ]
Stefan Rotter, Vienna University of Technology
“Route from spontaneous decay to complex multimode dynamics in cavity QED” [ 235 ]
Robert Scully, Texas A&M University
“The Agri-Bio-Photonics Research and Technology (ART) Program” [ 242 ]
Elodie Strupiechonski, Harvard/Baylor
“Enhancing the gain by quantum coherence in terahertz solid state lasers” [ 255 ]
Li-Lin Tay, National Research Council Canada
“Influence of Nanocluster Geometry on the Local Field Strengths in the Junction Hot-Sites” [ 261 ]
Jonathan Thompson, Texas A&M University
“Amplitude shaping in a phase-modulated spectrum due to nonlinear effects” [ 264 ]
Jonathan Thompson, Texas A&M University
“Imaging of Ultrashort Pulses in the Near-Filament Regime” [ 265 ]
Falk Töppel, Max Planck Institute for the Science of Light
“Mueller matrix coherent measurement with non-separable classical light” [ 267 ]
Philip A. Vetter, Princeton - TAMU - Baylor
“Solutions to the Mathieu Equation pertaining to Quantum Amplification by Superradiant Emission of Radiation” [ 269 ]
Dmitri Voronine, Texas A&M University
“On the nature of surface-enhanced coherent Raman scattering” [ 271 ]
Dawei Wang, Texas A&M University
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“Mössbauer meets Fano for line shape control”
Jörg Evers, Max Planck Institute for Nuclear Physics
poster session, abstract on page 116
“Diffractionless image propagation and frequency conversion via four-wave mixing exploiting
the thermal motion of atoms”
Daniele Faccio, Heriot-Watt University
Thursday morning, first plenary session, abstract on page 117
“Negative frequencies and light”
James Fakonas, California Institute of Technology
poster session, abstract on page 118
“Quantum Interference with Surface Plasmons”
Andrea Di Falco, University of St Andrews
Thursday morning, second invited session, abstract on page 119
“Synthetic optical materials for advanced photonics applications”
Jonathan Fan, University of Illinois
Thursday morning, second invited session, abstract on page 120
“Ultra-Smooth Metallic Nanoparticles for Precision Plasmonics”

PQE-2014

39

Ron Folman, Ben-Gurion University of the Negev
Thursday morning, first invited session, abstract on page 121
“Matter-wave interferometry close to a surface”
Mark Fromhold, University of Nottingham
Thursday morning, first invited session, abstract on page 122
“The interplay between ultracold atoms, semiconductor surfaces and quantum electronic systems”
Ed Fry, Texas A&M University
poster session, abstract on page 123
“Instrumentation to Directly Measure the Backscattering Coefficient bb”
Christopher Fuchs, Raytheon BBN Technologies
Monday morning, first invited session, abstract on page 124
“Schroedinger Equation Revisited Again”
Dan Gauthier, Duke University
Monday morning, second invited session, abstract on page 125
“Observation of ultra-low-light-level self-organized pattern formation in driven cold atoms”
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Monday morning, second invited session, abstract on page 246
“Spectrally Selective Super-Chiral Silicon Metasurfaces Based on Infrared Fano Resonances”
Sharon Shwartz, Bar Ilan University
Wednesday morning, first invited session, abstract on page 247
“X-Ray Second Harmonic Generation”
Jon Simon, University of Chicago
Monday evening invited session, abstract on page 248
“Engineering Photonic Quantum Materials: Progress and Perspectives”
Kilian Singer, University of Mainz
Tuesday morning, first invited session, abstract on page 249
“Non-equilibrium statistics and thermodynamic machines with trapped ions”
David Smith, Duke University
Tuesday morning, second invited session, abstract on page 250
“Film-Coupled Nanoparticles as a Platform to Investigate Enhanced Nonlinearity”
Cesare Soci, CDPT, Nanyang Technological University, Singapore
Wednesday morning, second invited session, abstract on page 251
“Cognitive Photonic Networks”
Alexei Sokolov, Texas A&M University
Wednesday evening plenary session, abstract on page 252
“Pulse Shaping and Beam Shaping through Broadband Coherent Raman Generation”
A. Douglas Stone, Yale University
Tuesday afternoon plenary session, abstract on page 253
“Einstein and Quantum Mechanics: It’s Not What You Think”
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A. Douglas Stone, Yale University
Thursday morning, second plenary session, abstract on page 254
“Steady-State Ab Initio Laser Theory: Overview and New Developments”
Elodie Strupiechonski, Harvard/Baylor
poster session, abstract on page 255
“Enhancing the gain by quantum coherence in terahertz solid state lasers”
Eric Van Stryland, CREOL
Wednesday morning, first invited session, abstract on page 256
“Nonlinear absorption and refraction spectroscopy”
Szymon Suckewer, Princeton University
Wednesday morning, second invited session, abstract on page 257
“SRBS Amplifier & Compressor for Ultraintense Fsec Laser as the Pump for XRL in “Water
Window””
Alex Sugarbaker, Stanford University
Wednesday morning, second invited session, abstract on page 258
“Large momentum transfer atom interferometry in a 10 m tower”
Anatoly Svidzinsky, Texas A&M University
Tuesday evening plenary session, abstract on page 259
“Quantum amplification by superradiant emission of radiation”
Atsushi Taguchi, RIKEN
Tuesday morning, first invited session, abstract on page 260
“DUV tip-enhanced Raman scattering for nano resonance Raman spectroscopy”
Li-Lin Tay, National Research Council Canada
poster session, abstract on page 261
“Influence of Nanocluster Geometry on the Local Field Strengths in the Junction Hot-Sites”
Pierre Thibault, UCL
Wednesday evening invited session, abstract on page 262
“Mixed-state reconstruction and X-ray imaging”
James K. Thompson, JILA
Monday evening invited session, abstract on page 263
“10 dB of Directly Observed Spin Squeezing”
Jonathan Thompson, Texas A&M University
poster session, abstract on page 264
“Amplitude shaping in a phase-modulated spectrum due to nonlinear effects”
Jonathan Thompson, Texas A&M University
poster session, abstract on page 265
“Imaging of Ultrashort Pulses in the Near-Filament Regime”
Michael Tobar, The University of Western Australia
Monday morning, second invited session, abstract on page 266
“Precision Metrology and Frequency Generation using Cryogenically Cooled Low-Loss Crystalline Whispering Gallery Mode Resonators”
Falk Töppel, Max Planck Institute for the Science of Light
poster session, abstract on page 267
“Mueller matrix coherent measurement with non-separable classical light”
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Kerry Vahala, California Institute of Technology
Monday morning, first invited session, abstract on page 268
“Towards Chip-based All-optical Microwave Synthesis”
Philip A. Vetter, Princeton - TAMU - Baylor
poster session, abstract on page 269
“Solutions to the Mathieu Equation pertaining to Quantum Amplification by Superradiant
Emission of Radiation”
Dmitri Voronine, Texas A&M University
Thursday evening invited session, abstract on page 270
“Portable Spectroscopic Tools for Agri-Bio-Photonics”
Dmitri Voronine, Texas A&M University
poster session, abstract on page 271
“On the nature of surface-enhanced coherent Raman scattering”
John Walker, Texas A&M Agrilife Research
Thursday evening plenary session, abstract on page 272
“Dealing with Complexity on the Wasatch Front”
Dawei Wang, Texas A&M University
Wednesday evening invited session, abstract on page 273
“Heisenberg Limit Superradiant Super-resolving Metrology”
Dawei Wang, Texas A&M University
poster session, abstract on page 274
“High-frequency Light Reflector via Low-frequency Light Control”
Kai Wang, Texas A&M University
Wednesday evening invited session, abstract on page 275
“Ultrafast Waveforms Synthesis Using Coherent Raman Sidebands in a Reflection Scheme”
Luojia Wang, Baylor University
poster session, abstract on page 276
“Amplification of high frequency light in nonlinear metamaterials”
Xueding Wang, University of Michigan
Monday morning, second invited session, abstract on page 277
“Photoacoustic Spectrum Analysis of Tissue Texture”
Joshua J. Weber, University of Wisconsin
Wednesday evening invited session, abstract on page 278
“Broadband spectrum generation using continuous-wave molecular modulation”
Joshua J. Weber, University of Wisconsin
poster session, abstract on page 278
“Broadband spectrum generation using continuous-wave molecular modulation”
Gregor Weihs, University of Innsbruck, Austria
Tuesday evening invited session, abstract on page 279
“Entangled Photon Pairs from Semiconductors”
Andrew Weiner, Purdue University
Wednesday evening invited session, abstract on page 280
“Temporal Cloaking at Telecommunications Rates”
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George R. Welch, Texas A&M University
Monday morning, first plenary session
“Welcoming remarks”
Jianming Wen, Yale University
Monday evening invited session, abstract on page 281
“Superfocusing light down to tens of nanometers in Fresnel near field”
H. Kumar Wickramasinghe, University of California, Irvine
Tuesday evening invited session, abstract on page 282
“Near Field Opto-Mechanics and Detecting Optical Resonance”
Gary Wiederrecht, Argonne National Lab
Thursday morning, second invited session, abstract on page 283
“Coupled Plasmons and Excitons in Nanostructures: Opportunities for Enhanced Light Harvesting and Energy Conversion”
Katherine (Kallie) Willets, University of Texas at Austin
Wednesday morning, first invited session, abstract on page 284
“Super-resolution imaging of plasmonic nanostructures”
Kelvin Wong, Houston Methodist Research Institute, Weill Cornell Medical College
Monday morning, second invited session, abstract on page 285
“Image-guided Endomicroscopy of Brain Tumor Labelled with Fluorescent Oncolytic Virus”
Yanhong Xiao, Fudan University
Monday evening plenary session, abstract on page 286
“Novel resonance technique with sub-coherence-lifetime limited linewidth and (possible) relation to weak measurement”
Chris Xu, Cornell University
Monday evening invited session, abstract on page 287
“Deep Brain Imaging with Multiphoton Microscopy”
Vladislav Yakovlev, Texas A&M University
Tuesday morning, second invited session, abstract on page 288
“Ultrasensitive absorption and ultrasentive and simple Raman measurements for biomedical
optical spectroscopy and sensing”
Susanne Yelin, University of Connecticut and Harvard University
Wednesday morning, second invited session, abstract on page 289
“Coherences in atomic gas-based metamaterials”
Zhenhuan Yi, Texas A&M University
poster session, abstract on page 290
“Radiation from Strongly Pumped High Density Rubidium Vapor”
Xiaobo Yin, CU Boulder
poster session, abstract on page 291
“Nonlinear Optics at the Edges and Boundaries of Atomic Monolayer”
Nanfang Yu, Columbia University
Monday evening plenary session, abstract on page 292
“Controlling Light Propagation in Free Space and in Waveguides with Metasurfaces”

PQE-2014

52

Luqi Yuan, Texas A&M University
Tuesday evening invited session, abstract on page 293
“QASER: detailed analysis and further developments”
Amelle Zair, Imperial College London
Thursday evening invited session
Valerii Zapasskii, SPbSU, SOLAB, St. Petersburg, Russia
Monday evening invited session, abstract on page 294
“Optics of spin noise”
Hao F. Zhang, Northwestern University
Tuesday morning, first invited session, abstract on page 295
“Extracting tissue metabolism using optical coherence tomography”
Qiang Zhang, University of Science and Technology of China
Wednesday morning, first invited session, abstract on page 296
“Recent Progress in Quantum Communication”
Xiwen Zhang, Texas A&M University
Tuesday evening invited session, abstract on page 297
“Superradiant control of γ-ray propagation by vibrating nuclear arrays”
Xiwen Zhang, Texas A&M University
poster session, abstract on page 298
“Quantum storage based on spatial chirp of the control field”
Nikolay Zheludev, University of Southampton and NTU Singapore
Wednesday morning, second plenary session, abstract on page 299
“Coherent Control of Metamaterials”
Lei Zhou, Fudan University, China
Monday evening invited session, abstract on page 300
“New surface waves in gradient-index metasurfaces”
Shi-Yao Zhu, Beijing Computational Science Research Center
Wednesday morning, first plenary session, abstract on page 301
“High order duality: theory and experiment”
M. Suhail Zubairy, Texas A&M University
Wednesday morning, first plenary session, abstract on page 302
“Quantum communication with invisible photons”
Raheel Zubairy, Texas A&M University
poster session, abstract on page 303
“Fiber Optics in Oil and Gas Industry”
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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 Sunday evening,
January 5, 2014. The selection committee for the 2013 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 fifth 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.

PQE-2014

55

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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Speaker: Javier Garcia de Abajo
Session: Casimir friction – On the viscosity of the electromagnetic vacuum
Schedule: Thursday Morning Invited Session 2

Vacuum and Thermal Friction in Rotating Particles
1

Alejandro Manjavacas1 and F. Javier García de Abajo2,3,*

Instituto de Química-Física Rocasolano – CSIC, Serrano 119, 28006 Madrid, Spain
ICFO – The Institute of Photonic Sciences, 08870 Castelldefels (Barcelona), Spain
3
ICREA – Institució Calalana de Reserca i Estudis Avançats, 08010 Barcelona, Spain
* javier.garciadeabajo@icfo.es
2

The ability of vacuum to produce mechanical stopping of neighboring objects moving relative to each
other is one of the consequences of the well-known dynamical Casimir effect. Temporal variations in
the boundary conditions of the electromagnetic field result in the emission of radiation at the expense
of mechanical kinetic energy removed from the system relative to its center of mass. A similar situation
is encountered in a spinning anisotropic object, where moving boundaries are also present. More
surprising is the fact that a rotating sphere also undergoes vacuum friction, even at zero temperature
[1], despite the apparent steadiness of its boundary. This prediction is obtained from semi-classical
theory based upon the fluctuation-dissipation theorem, but it also agrees with a fully quantum
mechanical treatment of radiation, the spinning motion, and the internal excitations of the particle [2].
The particle can reduce its rotation by one quantum of azimuthal motion, which is used to emit light
and simultaneously excite its internal state. This is the dominant channel contributing to rotational
friction, which is active if the particle is absorbing at a light frequency equal to the rotation frequency.
Another interesting scenario is presented by spinning particles with a large optical frequency gap
compared with the rotation frequency, so that only higher-order terms can contribute to stop it [3]. We
will discuss these phenomena during this talk, connect them to other geometries producing friction,
such as a sphere rotating in front of a metal plane [4], and explore consequences for the dynamics of
rotating dust particles in the universe.

The temperature of a rotating particle relative to temperature of the
surrounding vacuum depends on its rotation velocity. Friction with
electromagnetic vacuum modes produces particle heating at high rotation
velocities, but the particle is at a lower temperature than the environment when
its velocity is low.

[1] A. Manjavacas and F. J. García de Abajo, Phys. Rev. Lett. 105, 113601 (2010).
[2] A. Manjavacas and F. J. García de Abajo, Phys. Rev. A 82, 063827 (2010).
[3] F. J. García de Abajo, to be published.
[4] R. Zhao et al., Phys. Rev. Lett. 109 123604 (2013).
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Speaker: Peter Abbamonte
Session: X-rays in the Quantum World
Schedule: Wednesday evening invited session

Crystallographic refinement of collective excitations using standing
wave inelastic X-ray scattering
Yu Gan1,2, Anshul Kogar1,2, Peter Abbamonte1,2,*
1

Department of Physics and Frederick Seitz Materials Research Laboratory, University of Illinois,
Urbana, IL 61801, United States
2
Advanced Photon Source, Argonne National Laboratory, Argonne, IL 60439, United States

* Email: abbamonte@mrl.illinois.edu

Abstract:
In this talk I will propose a method for realizing true, real-space imaging of charge
dynamics in a periodic system, with angstrom spatial resolution and attosecond time
resolution. In this method, inelastic X-ray scattering (IXS) is carried out with a
coherent, standing wave source, which provides the off-diagonal elements of the
generalized dynamic structure factor, S(q1,q2,), allowing complete reconstruction
of the inhomogeneous response function of the system, (x1,x2,t). The quantity 
has the physical meaning of a propagator for charge, so allows one to observe – in
real time – the disturbance in the electron density created by a point source placed
at a specified location, x1 (on an atom vs. between atoms, for example). This
method may be thought of as a generalization of X-ray crystallography that allows
refinement of the excited states of a periodic system, rather than just its ground
state.
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Speaker: Andrea Aiello
Session: Quantum analogues and analogies
Schedule: Thursday Morning Invited Session 1

A quantum-mechanical view of classical light
Andrea Aiello, Falk Töppel and Marco Ornigotti
Max Planck Institute for the Science of Light, Erlangen, Germany, and
Universität Erlangen-Nürnberg, Erlangen, Germany

Theoretical physics is all about describing nature in terms of mathematics. However, often there
is more than one way of doing this and different mathematical formalisms are frequently
developed in physics to describe one and the same physical phenomenon. In fact, this approach
is very fruitful because each description offers its own point of view onto the underlying
physics and there are some viewpoints that are more suited than others to observe certain
features of the phenomenon. Famous examples thereof include Heisenberg-vs-Schrödinger
picture in quantum mechanics: while Heisenberg picture describes dynamical evolution of
quantum observables as, e.g., linear and angular momenta of the system, Schrödinger picture
emphasizes the time evolution of the quantum state. Following this idea of changing the
perspective, in this work we propose a quantum-like treatment of the propagation of an optical
beam and its interaction with a dielectric or metal planar interface, interaction that eventually
may lead to the celebrated Goos-Hänchen and Imbert-Federov shifts of the beam reflected
and/or transmitted by the surface [1]. In practice, we describe these purely classical phenomena
with the mathematical formalism of bona fide quantum mechanics. Observing these classical
effects through the glasses of quantum mechanics offers some new insights [2]. In fact, this
route leads to intriguing and
unexpected consequences, as in
the example of free-beam
propagation illustrated in Fig. 1.
Moreover, this new approach
allows one to naturally separate
the spatial shifts that occur for
beams reflected or transmitted
from a surface into two parts: A
Figure 1. Surprises from quantum/classical analogies: Here are shown three first one independent on orbital
time-snapshots of the streamlines of the probability current density angular momentum (OAM) and a
j = (ψ , pˆ ψ ) of a free electron initially prepared in a quantum state whose second one exhibiting OAMwavefunction ψ ( x, y , t ) is formally identical to the optical field of a Laguerreinduced spatial-vs-angular shift
Gauss beam with a unit of orbital angular momentum (OAM). Paradoxically,
mixing,
a well-known but not so
although the electron experiences a free-propagation dynamics, it seems to
possess a nonzero OAM. In this figure w0 is the mean waist of the electron well understood phenomenon. In
2
from a quantum
beam and t0 = mw0 ( 2 ) is the quantum analogous of the optical Rayleigh addition,
range [3].
mechanical
perspective
it
becomes evident why the angular shifts are always proportional to the angular spread of the
beam or, equivalently, to the variance of the transverse components of the wave vector. Last but
not least, we extend our treatment of the beam shifts to cover the case of enhanced beam shifts
by analogy with the theory of quantum weak measurements.
[1] K. Bliokh, and A. Aiello, Goos-Hänchen and Imbert-Fedorov beam shifts: An overview, J. Opt. 15, 014001 (2013)
[2] F. Töppel, M. Ornigotti and A. Aiello, Goos-Hänchen and Imbert-Fedorov shifts from a quantum-mechanical perspective,
arXiv:1307.6057, to appear in New. J. Phys.
[3] A. Aiello, Comment on "Semiclassical and Quantum Analysis of a Focussing Free Particle Hermite Wavefunction", by
Paul Strange (arXiv:1309.6753 [quant-ph]), arXiv:1309.7899 [quant-ph]
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Speaker: Javier Aizpurua
Session: Frontiers in Plasmonics: Quantum Effects
Schedule: Tuesday evening invited session

Optoelectronics of subnanometric metallic gaps
Javier Aizpurua1,*, Codruta Marinica2, Andrei G. Borisov2
1

Center for Materials Physics CSIC-UPV/EHU and DIPC, P.Manuel Lardizabal 5,Donostia 20018, Spain
Institut des Sciences Moléculaires d’Orsay, UMR 8214 CNRS-Université Paris-Sud, 91405 Orsay,France
*aizpurua@ehu.es

2

A plasmonic nanogap is an ideal platform to explore and test quantum effects in the optical response of
nanoscale structures. As the separation between interfaces in a nanogap becomes below nanometric
distances, the optical response of the system enters a strong nonlocal regime where the quantum nature
inherent to the coherent oscillation of interacting electrons becomes apparent. We have developed full
quantum mechanical calculations within time-dependent density functional theory (TDDFT) to address
nonlocal effects in plasmonic gaps [1]. By doing so, we have identified a tunneling regime for separation
distances of the interfaces below 0.5 nm, which totally modifies the spectral fingerprints of the cavity.
Quantum tunneling screens plasmonic modes localized at the cavity and establishes charge transfer across
the gap producing lower energy modes of the optical response. Furthermore, we consider the presence of
an emitter in the nanogap, as depicted in the Fig., under the strong coupling regime where hybrid
plexcitonic modes are produced. At very close distances from the metal interfaces, resonant electron
transfer (RET) from the excited state of the emitter into the continuum of metallic states occurs (see
scheme of states in the Fig.), producing a quenching of the plexcitonic fingerprint [2], an effect
intrinsically different to the classical quenching of emission by classical interaction with surface plasmons.
Figure. Top left: Scheme of a
quantum

emitter

coupled

to

a

plasmonic gap separated by a distance
S.

Bottom

electronic

left:
states

Schematics
of

the

of

emitter

(ground (g) and excited (e)) and the
metal with the situation of Resonant
Electron Transfer (RET) indicated
with a red arrow. Right: Optical
absorption of the emitter-nanogap
system

for

different

separation

distances S of the gap.

Once the plexcitonic response obtained within classical and quantum approaches are proven to be
consistent, we incorporate RET into the classical optoelectronic description of the cavity-emitter system
by including the electron transfer rates as an extra broadening of the response of the emitter. As observed
in the spectra of the Fig., the spectral fingerprint of the emitter is lost for short distances to the interfaces.
The results presented here emphasize the importance of quantum effects in the coupling between
plasmons and single emitters.
[1] D.C.Marinica, A.K.Kazansky, P.Nordlander, J.Aizpurua, A.G. Borisov, Nano Lett. 12, 1333 (2012)
[2] D.C. Marinica, H. Lourenço-Martins, J. Aizpurua, A.G. Borisov, Nano Lett. ASAP Nov. 8 (2013)
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Speaker: Timur Akhmedzhanov
Session: X-ray optics and attosecond physics
Schedule: Thursday evening invited session

Modulation induced transparency in IR pump-XUV probe
ionization experiments
Timur Akhmedzhanov1, Vladimir Antonov2,1, Olga Kocharovskaya1
1

Department of Physics and Astronomy and Institute for Quantum Studies and Engineering,
Texas A&M University, College Station, TX 77843-4242, USA,
2
Institute of Applied Physics of the Russian Academy of Sciences
and N.I. Lobachevsky State University, Nizhny Novgorod 603950, Russia

Controlling light-matter interaction is one of the key goals of modern physics. In recent years,
interaction of a quasi-resonant extreme ultraviolet (XUV) radiation with atoms dressed by a
moderately strong infrared (IR) laser field became a topic of active experimental studies [1, 2]. The
growing attention to this area of research is caused by the possibility to combine effects of strongfield atomic physics with those of physics of resonant processes. The IR field does not cause ionization
from the ground atomic state, but leads to Stark shift (and/or splitting) of the excited energy levels
and ionization from the excited states, which vary on a subIR-field-cycle time scale [2, 3]. One of the interesting
recently observed phenomena is the XUV transparency of
helium simultaneously interacting with the IR field (765nm)
and its 11th and 13th harmonics, the later being quasiresonant to the 1s↔2p transition [1]. Namely, suppression
of ionization was demonstrated by combination of 11th or
13th harmonics, while 13th harmonic alone resulted in
strong ionization of atoms in the presence of the
fundamental laser field [1].
In this contribution, we show that the ionization
suppression results from inhibition of atomic excitation by
the XUV radiation due to modulation-induced transparency
[4]. On the basis of Floquet theory we show that dressing
Fig. 1.XUV transparency of IR-dressed
of atoms by the IR field [5] is equivalent to periodic
modulation of energy of the excited state 2p, Fig. 1. We He. The presence of IR field leads to time
modulation of energy of 2p level.
provide a simple theoretical (analytical and numerical)
description of the experimentally observed effect of XUV
transparency [1] and suggest the ways for its optimization.
1. P. Ranitovic et al., Phys. Rev. Lett. 106, 193008 (2011).
2. M. Chini et al., Phys. Rev. Lett. 109, 073601 (2012).
3. V.A. Polovinkin et al., Opt. Lett. 36, 2296 (2011).
4. Y.V. Radeonychev et al., Phys. Rev. Lett.96, 093602 (2006).
5. M. Chini et al., Scientific Reports 3, 1105 (2013).
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Speaker: Narangerel Altangerel
Session: Poster Session
Schedule: Poster Session

Multiplicative stochastic noise in quantum optics
Narangerel Altangerel1, Gombojav O. Ariunbold1,2,
and Marlan O. Scully1,3,4
1

Texas A&M University, College Station, TX 77843

2

School of Physics and Electronics, National University of Mongolia,
Ulaanbaatar, 21646, Mongolia
3

Princeton University, Princeton, NJ 08544
4

Baylor University, Waco, TX 76798

Abstract
We study stochastic processes in three different physical systems. First,
we demonstrate how the correlated noise can enhance the sensitivity of
the magnetometry based on electromagnetically induced transparency
[1,2]. Second, we demonstrate a photon blockade effect in single
macromolecule fluorescence resonance energy transfer [3,4]. Third, we
numerically solve stochastic Mathieu equations in relation to the recently
proposed QASER (quantum amplification by superradiant emission of
radiation) [5].

[1] V.A. Sautenkov, Yu.V. Rostovtsev, and M.O. Scully, Switching between photonphoton correlations and Raman anticorrelations in a coherently prepared Rb vapor,
Phys. Rev. A 72, 065801 (2005)
[2] G.O. Ariunbold, Yu. V. Rostovtsev, V.A. Sautenkov, M.O. Scully, Intensity correlation
and anti-correlations in coherently driven atomic vapor, J. Mod. Opt. 57, 1417 (2010)
[3] A.J. Berglund, A.C. Doherty, and H. Mabuchi, Photon statistics and dynamics of
fluorescence resonance energy transfer, Phys. Rev. Lett. 89, 068101 (2002)
[4] G.O. Ariunbold, G.S. Agarwal, Z. Wang, M.O. Scully, and H. Walther, Nanosecond
Dynamics of Single-Molecule Fluorescence Resonance Energy Transfer, J. Phys.
Chem. A, 108, 2402 (2004)
[5] A. Svidzinsky, L. Yuan, and M.O. Scully, Quantum amplification by superradiant
emission of radiation, Phys. Rev. X 3, 041001 (2013)
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Speaker: Andrea Al
Session: Metamaterials and Metasurfaces
Schedule: Tuesday Morning Invited Session 1

Giant Nonreciprocal and Nonlinear Effects in Metamolecules, Metasurfaces
and Metamaterials
Andrea Alù, and Dimitrios Sounas
Dept. Electrical and Computer Engineering, The University of Texas at Austin
The field of metamaterials has recently opened exciting opportunities to boost light-matter
interactions at various wavelengths, by the means of their large field enhancement and localization.
In this talk, we describe our recent theoretical and experimental advances in exploiting these
effects to significantly boost the nonreciprocal and nonlinear response of subwavelength metamolecules and arrays of them, forming metasurfaces and metamaterials.
We first introduce the metamaterial analog to the ferromagnetic Zeeman effect, according to
which we are able to induce large nonreciprocal response at the subwavelength scale by splitting
the degenerate modes supported by a resonant nanoring meta-molecule using azimuthally
symmetric spatiotemporal modulation (panels a,b). Inspired by the Onsager-Casimir principle, we
show that the angular momentum bias imparted by this specific form of modulation [1] can replace
and do better than conventional magnetic biasing, achieving large nonreciprocal effects with low
modulation amplitude and frequency, in a fully integrated design that does not require magnetic
materials or bias. In our talk, we will discuss the impact of these concepts in a variety of
applications, including magnet-less radio-frequency, nanophotonic (c-e) and acoustic components,
metasurfaces and metamaterials that can achieve giant nonreciprocal response at the nanoscale.
We will also discuss our recent theoretical and experimental progress in boosting the naturally
weak nonlinear response using metamaterials. We have recently pursued two promising venues in
this direction: the use of an effective
permittivity near-zero [2] and the
pairing of electronic and photonic
transitions in suitably designed
metasurfaces [3]. These concepts
can produce orders of magnitude
enhancement in the efficiency of
various nonlinear optical processes,
including
second-harmonic
generation, phase conjugation and
frequency mixing, also relaxing the
need for phase matching.
In our talk, we discuss how the
large light-matter interaction in
suitably designed metamaterials,
combined with new concepts such
as electronic transitions or moving
media, may open new important
Metamaterial Zeeman effect: by mimicking how nonreciprocity is
directions for modern technology.
broken in ferromagnetic molecules by modal splitting at the molecular
level (a), we introduce a Zeeman meta-molecule consisting of a
resonant nanoring loaded by a spatiotemporally modulated, or a
rotating, substrate (b). We induce giant nonreciprocal response for
radio-frequency, nanophotonic (c) and acoustic systems based on this
principle. (d-e) Operation of a Zeeman nanophotonic circulator, not
requiring a magnetic bias or ferromagnetic effects.

PQE-2014

[1] D. L. Sounas, C. Caloz, and A. Alù,
Nature Comm. 4, 2407 (2013).
[2] C. Argyropoulos, et al. Phys. Rev. Lett.
108, 263905 (2012).
[3] J. Lee, et al., under review (2013).
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Speaker: Steven Anlage
Session: Functionalized Metastructures and Quantum Metamaterials
Schedule: Wednesday Morning Invited Session 2

Nonlinear Superconducting Quantum Metamaterials
Melissa Trepanier,1 Daimeng Zhang,1 Oleg Mukhanov,2 Steven M. Anlage1
1
Center for Nanophysics and Advanced Materials,
Physics Department, University of Maryland, College Park, Maryland 20742-4111 USA
2
Hypres, Inc. 175 Clearbrook Road, Elmsford, New York 10523, USA
Tel. +1 301 405 7321, Fax +1 301 405 3779. anlage@umd.edu

We have prepared meta-atoms based on radio-frequency superconducting quantum-interference devices (rf
SQUIDs) and examined their tunability with dc magnetic field, rf current, and temperature. rf SQUIDs are
superconducting split-ring resonators in which the usual capacitance is supplemented with a Josephson
junction, which introduces strong nonlinearity in the rf properties. We find excellent agreement between
the data and a model that regards the Josephson junction as a resistively and capacitively shunted junction
(RCSJ). A magnetic field tunability of 80 THz / Gauss at 12 GHz is observed, a total tunability of 56% is
achieved, and a unique electromagnetically induced transparency feature at intermediate excitation powers
is demonstrated for the first time. An rf SQUID metamaterial is shown to have qualitatively the same
behavior as a single rf SQUID with regard to dc flux and temperature tuning.
For further details and references, see: http://www.cnam.umd.edu/anlage/AnlageSCNIR.htm. See
also arXiv:1308.1410v2.
This work is supported by the NSF-GOALI Program through Grant No. ECCS-1158644 and the
Center for Nanophysics and Advanced Materials (CNAM).

(a) Schematic diagram of the experiment showing the
flow of rf signal from the network analyzer (at room
temperature), through the attenuator, into the
waveguide (in the cryogenic environment), through
the rf SQUID biased by dc magnetic field, out of the
waveguide through a series of amplifiers, and back to
the network analyzer. (b) Micrograph of an rf SQUID
meta-atom, consisting of two perforated Nb layers
connected by a via and a Josephson junction (JJ). The
overlap capacitance is the small rectangular region
immediately surrounding the junction. (c) Micrograph
of a portion of the 27 × 27 rf SQUID array and a
single meta-atom that composes the array. (d) Circuit
diagram of the rf SQUID modeled as an RCSJ in
parallel with loop inductance L.
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Transmission |S21| through a single SQUID meta-atom
as a function of frequency and rf power at fixed dc
flux Φdc = Φ0/6 (Φ0 = h/2e = 2.07 × 10-15 T-m2) and
temperature T = 6.5 K. The resonant response is
identified by the red features. The contour lines for
|S21| at -0.04, -0.03, -0.02, and -0.01 dB are generated
by model calculations. We use the RCSJ model to
solve for the gauge-invariant phase difference across
the Josephson junction δ subject to the condition that
the total flux through the SQUID meta-atom loop must
be an integer number (n) of flux quanta, i.e., Φ = nΦ0.
Once the gauge-invariant phase difference δ(t) is
known, one can calculate absorption, resonant
frequency, S21(ω), etc. The dashed line indicates the
model-determined resonant frequency [minimum of
|S21(ω)|], which closely follows the data.
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Molecular	
  Quantum	
  Optics:	
  Tomographic	
  state	
  reconstruction	
  in	
  ensembles	
  
and	
  single	
  molecules	
  
V.	
  Ara	
  Apkarian,	
  Department	
  of	
  Chemistry,	
  UCI	
  	
  
	
  
Through	
   electronically	
   resonant	
   four-‐wave	
   mixing	
   measurements,	
   it	
   is	
   possible	
   to	
  
reconstruct	
  the	
  complete	
  quantum	
  state	
  of	
  ensembles	
  evolving	
  in	
  coherence,	
  in	
  the	
  
form	
   of	
   the	
   Wigner	
   Distribution	
   Function	
   (WDF).	
   This,	
   we	
   illustrate	
   in	
   ordinary	
  
matter,	
  for	
  a	
  diatomic	
  molecule	
  doped	
  in	
  ice.	
  Although	
  the	
  system	
  is	
  coupled	
  to	
  its	
  
environment,	
   the	
   WDF	
   shows	
   a	
   persistent	
   negative	
   hole,	
   which	
   quantifies	
   its	
  
“cattiness”.	
   The	
   moving	
   pictures	
   of	
   the	
   WDF	
   gives	
   the	
   most	
   complete	
   quantum	
  
description	
   of	
   a	
   bond	
   in	
   motion,	
   both	
   system	
   wavefunctions	
   and	
   system-‐bath	
  
entanglement	
  in	
  phase	
  space,	
  are	
  observable.	
  	
  
	
  
	
  

	
  

	
  

	
  

Fig.	
   1:	
   Measurements	
   on	
   bromine	
   doped	
   ice	
   (a),	
   allow	
   the	
   tomographic	
   quantum	
   state	
  
reconstruction	
   [|0>+|1>	
   state	
   shown	
   in	
   (b)],	
   the	
   indirectly	
   prepared	
   states	
   show	
   a	
   persistent	
   a	
  
negative	
  hole	
  in	
  their	
  Wigner	
  distribution	
  function,	
  characteristic	
  of	
  (microscopic)	
  “cat”-‐states	
  
(c).	
  

	
  
The	
  manipulation	
  of	
  vibrational	
  coherences	
  on	
  single	
  molecules,	
  through	
  Coherent	
  
anti-‐Stokes	
  Raman	
  scattering	
  (CARS),	
  is	
  a	
  more	
  direct	
  implementation	
  of	
  quantum	
  
molecular	
   optics.	
   The	
   first	
   of	
   such	
   measurements,	
   carried	
   out	
   on	
   molecules	
  
equipped	
   with	
   plasmonic	
   antennas,	
   and	
   under	
   ambient	
   conditions,	
   illustrates	
   the	
  
information	
   content	
   of	
   such	
   measurements.	
   Single	
   molecules	
   do	
   not	
   diphase,	
  
however	
   they	
   acquire	
   characteristic	
   phase	
   noise,	
   which	
   defines	
   the	
   state	
   through	
  
measurement.	
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Session: Poster Session
Schedule: Poster Session

Two-photon Absorption Laser Induced SuperFluorescence Towards Sky Lasing
Gombojav O. Ariunbold1,2 and Marlan O. Scully1,3,4
1

2

Texas A&M University, College Station, TX 77843
School of Physics and Electronics, National University of Mongolia,
Ulaanbaatar, 21646, Mongolia
3
Princeton University, Princeton, NJ 08544
4
Baylor University, Waco, TX 76798

ABSTRACT
Two-photon absorption laser induced fluorescence (TALIF) is wellestablished

powerful

method

in

multiphoton

imaging,

plasma

diagnostics and so forth. However, as a fair complement to TALIF,
specific arrangement to detect backward burst of radiation (superfluorescence) may promise many advantages, particularly, in remote
sensing and/or sky lasing [1].
In this talk, we introduce a backward two-photon absorption laser
induced super-fluorescence (backward-TALISF) diagnostic technique.
Our recent experimental results on backward super-fluorescence in
sodium and rubidium atomic vapors will be presented in relation to
search of coherence-brightened artificial guide star in the above
atmosphere (mesosphere). The preliminary experimental results on
backward-TALISF from oxygen and nitrogen atoms in ambient air
produced due to photolysis of air molecules will be discussed.
[1] V. Kocharovsky, et al., PNAS, 102, 7806 (2005); A. Dogariu, et al., Science, 331,
442 (2011); A. Traverso, et al., PNAS, 109, 15185 (2012)
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Microsph
herical Ph
hotonics: Giant
G
Resoonant Prop
pulsion Foorces
1
Vasily N. Astratov,
A
Yan
ngcheng Li,1 Oleksiy V. Sv
vitelskiy,1 Allexey V. Masllov,2 Michaell I. Bakunov,2 David
3
Carnegie and Edik Raffailov3
1

Dep
partment of Phyysics and Opticcal Science, Un
niversity of No rth Carolina aat Charlotte, Chharlotte, USA
2
Department
D
off Radiophysics, University of N
Nizhny Novgorrod, Russia
3
School of Electrical Engineering
E
and
d Physics, Uniiversity of Dunndee, Scotland, UK

In 1977, Arthur Ashkin and Joseph M.
M Dziedzic demonstratedd that opticall forces posseess narrow sppectral
peaks deterrmined by thee internal reso
onances in microdroplets
m
[1]. These reesonant opticaal forces openn up a
unique way
y of high-volu
ume sorting of
o nearly iden
ntical “photonnic atoms”. H
However, to ddate, only relaatively
subtle reson
nant effects have been obseerved.
Recently
y, we proved the existencee of giant opttical force peeaks by studyying the propuulsion of diellectric
microspheres in evanesccent fields creeated by taperred microfiberrs [2]. We obbserved that thhe small fracttion of
the polystyrrene microsph
heres in reson
nance with a tunable laserr beam traveleed through w
water up to 10 times
faster than those of oth
her sizes. Fo
or some of the
t spheres w
with 20 µm mean diameeters the meaasured
propelling velocities (vmax~0.45 mm
m/s for guideed powers lim
mited at P0 = 43 mW) exceeded preevious
measuremeents with vario
ous evanescen
nt couplers by
y more than aan order of maagnitude.

FIG. 1. (a) Microfluuidic
fiber-inteegrated
platform
with opttical tweezers.. (b)
Maximal
propeelling
velocity as a functionn of
mean ssphere diameeters.
Dashed bblue area repressents
multiple measurementss on
spheres with 1% size
deviationns.
(Innset)
Snapshotts of resoonant
propellinng of 20 μm
spheres. (c) Theoreetical
model.
(d)
Calculated
propulsioon force.

We stud
died the mech
hanism of ultrra-high propu
ulsion forces for a cylindrrical resonatoor located neaar to a
surface wav
ve [3]. We sh
howed that un
nder resonancee with whispeering gallery modes (WGM
Ms) the momeentum
flow carried
d by the surfa
face wave is imparted
i
to th
he object, givving it a proppulsion force (Fx) which reeaches
the total ab
bsorption limit. We show that the tran
nsverse opticaal force can bbe either attrractive or reppulsive
depending on the particcle-to-surfacee distance an
nd other condditions. We sshow that thee spheres with the
desired positions of high
h-quality (Q > 104) WGM peaks
p
can be sorted by usiing a tunable laser source.
[1] A. Ashkiin and J.M. Dziedzic, Phys. Rev.
R Lett. 38, 13
351 (1977).
[2] Y. Li. et al., Light: Sci. & Appl. 2, e64
4 (2013).
0
(2013).
[3] A.V. Maslov et al., Phyys. Rev. A 87, 053848
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Speaker: Harry Atwater
Session: Functionalized Metastructures and Quantum Metamaterials
Schedule: Wednesday Morning Invited Session 2

Quantum Plasmonics: Quantum Interference
and Strong Coupling of Surface Plasmons
Harry A. Atwater, James Fakonas, Yousif Kelaita and Hyunseok Lee
California Institute of Technology, Pasadena, CA 91125
Microscopically, surface plasma waves on metals arise from the collective oscillation of many
free electrons in unison. Because classical electromagnetism can capture the essential physics of
these waves using simple models with only macroscopic features, it is straightforward to
quantize these waves by direct analogy to electromagnetic fields in free space. As a result, the
surface plasmon, the quantum of the surface plasma wave, plays the same role as the photon
does in quantum theory. However experiments to date have yet to test the full extent of this
analogy.
Here we report a
plasmonic version of the HongOu-Mandel experiment in
which
we
observe
unambiguous
two-photon
	
  
quantum interference (TPQI)
Figure 1: Schematic of the TPQI measurement. A 407 nm diode
between plasmons, confirming
laser and a bismuth borate crystal aligned for spontaneous parametric
that surface plasmons faithfully
down-‐conversion generate pairs of single photons at 814 nm. One
photon is delayed by an adjustable amount and photons are coupled
reproduce this effect to within
into a on-chip 50:50 plasmonic directional coupler, and multimode
measurement error. Our result
optical fibers couple photons to single photon avalanche detectors.
suggests
that
the
extra
microscopic physics present in 	
  
plasmonic systems does not diminish two identical plasmons mutual coherence, nor does it
render one plasmon distinguishable from the other. These criteria are essential if plasmonic
devices are to be employed in quantum information applications, such as linear optical quantum
computing, which require indistinguishable particles.
Two-photon quantum interference represents an opportunity to study the quantum
mechanics of surface plasmons. A typical measurement consists in delaying one photon by a
variable amount and measuring coincidence counts at the outputs: when the delay is set so that
the photons arrive simultaneously this rate drops to a minimum, Cmin, due to TPQI. The
visibility of interference, defined as 1- Cmin /Cbase, must be less than 0.5 for classical light, but is
usually near unity in quantum experiments.
Importantly, observing high‐visibility TPQI in a plasmonic system requires not only
that the plasmonic components preserve the non‐classical statistics of the input light, but also
that the resulting biphoton states retain their mutual coherence. In our experiment, this
criterion corresponds to both photons remaining indistinguishable as they convert to
plasmons and interfere. As a reference, we first measured TPQI in a dielectric 50‐50
directional coupler made from silicon nitride waveguides, observing a visibility of 0.944 ±
0.003. We then repeated T P Q I m e a s u r e m e n t s for a 50‐50 coupler made from 10 µm
DLSPPWs, observing TPQI with a visibility of 0.932 ± 0.01, far exceeding the classical limit
of 0.5, and a temporal width of 0.11 ± 0.01 ps. Both the visibility and width are identical to
the dielectric case to within measurement error. We note that high visibility is consistent
with the predictions of the theory of TPQI in a lossy beam splitter, which we extend to the
case of a lossy directional coupler.
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Session: Frontiers in Plasmonics: Metamaterials
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Resonant Absorption Phenomena in Metals:
How to make good use of optical losses?
Koray Aydin, Northwestern University
Nanostructured metals received significant amount of attention in recent years due to
exciting plasmonic and photonic properties such as strong-field localization, light
concentration, and strong absorption and scattering at the localized or delocalized surface
plasmon resonance frequencies. In particular, resonant absorption phenomena in
plasmonic nanostructures is widely studied for applications in photothermal therapy,
thermophotovoltaics, heat assisted magnetic recording, hot-electron collection, and
biosensing. Here, we discuss two different approaches for obtaining narrow-band
resonant absorption filters at visible wavelengths. First structure is based on the surface
lattice resonances in periodic nanowire and nanoring arrays fabricated on a reflecting
metallic substrate (See Fig. 1a). In experiments, we observe very sharp absorption
resonance peaks with 12 nm bandwidth with over 90% total absorbance in visible
frequencies. Simulated absorption bandwidths are as narrow as 5 nm. The resonance
absorption wavelength, amplitude of the absorption peak and the bandwidth can be
controlled by tuning the period of NBA arrays (Fig. 1b), as well as the metal thickness
and grating width. The radiative losses are significantly reduced in our design enabling an
ultra-sharp resonance peak.
As a second approach, we
studied
the
strong
interference
effects
in
unstructurtured continuous
metal-insulator-metal filters.
By arranging the metal
thickness carefully, we
show that one can obtain
almost perfect absorption in
	
  
continuous metal films. The
Figure 1. a, Metal nanodisks on continuous metal substrate.
dielectric spacer thickness
as narrow band absorbers. b, Absorption spectra as a function
controls the interference
of wavelength and nanodisk array period. The resonance
wavelengths, whereas the
wavelength scales with the periodicity.
metal thickness control the
	
  
amplitude and the bandwidth of the filters. We will also briefly discuss our current results
on narrow-band transmission filters based on the strong interference effect. Designing
optical absorption and transmission filters is a promising route that could find use in
narrow-band thermal emitters in thermophotovoltaics, ultra-sensitive plasmonic
biosensors, and detectors.
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Session: Cavity enhanced light-matter interactions
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Efficient	
   Light-‐Matter	
   Interface	
   Based	
   on	
   a	
   Metaphotonic	
   Cavity	
   Containing	
   a	
  
Single	
  Quantum	
  Dot	
  
	
  
Thomas	
  M.	
  Babinec	
  
Jelena	
  Vuckovic	
  Group	
  
Department	
  of	
  Applied	
  Physics	
  
Stanford	
  University	
  
	
  
	
  
Abstract:	
  
	
  
Cavity	
   quantum	
   electrodynamics	
   (cQED)	
   is	
   an	
   important	
   field	
   of	
   fundamental	
  
research	
  with	
  applications	
  ranging	
  from	
  optical	
  interconnects	
  to	
  quantum	
  networks.	
  	
  
A	
   cQED	
   system’s	
   speed	
   is	
   limited	
   by	
   its	
   coherent	
   atom-‐field	
   coupling	
   strength	
   (g),	
  
with	
   quantum	
   dot	
   (QD)	
   -‐	
   photonic	
   crystal	
   systems	
   achieving	
   record	
   interaction	
  
strengths	
  of	
  g/(2π)	
  ~	
  40	
  GHz.	
  	
  Here,	
  we	
  demonstrate	
  a	
  cQED	
  system	
  consisting	
  of	
  an	
  
InAs/GaAs	
  quantum	
  dot	
  coupled	
  to	
  a	
  metal-‐semiconductor	
  nanocavity	
  for	
  access	
  to	
  
the	
   metaphotonic	
   coupling	
   regime	
   [1].	
   	
   The	
   cavity	
   possesses	
   a	
   mode	
   volume	
   an	
  
order	
   of	
   magnitude	
   smaller	
   than	
   in	
   state	
   of	
   the	
   art	
   systems,	
   leading	
   to	
   maximum	
  
light-‐matter	
   coherent	
   coupling	
   rate	
   g/(2π)	
   ~	
   180	
   GHz.	
   	
   This	
   system	
   exhibits	
  
ultrabright	
   single-‐photon	
   generation	
   comparable	
   to	
   that	
   of	
   the	
   best	
   quantum	
   dot	
  
sources	
   and	
   a	
   strong	
   spontaneous	
   emission	
   rate	
   modification	
   (Purcell	
   factor	
   ~8),	
  
demonstrating	
   the	
   utility	
   of	
   metallic	
   confinement	
   even	
   in	
   the	
   presence	
   of	
   ohmic	
  
losses.	
  	
  
	
  
Finally,	
  we	
  discuss	
  recent	
  developments	
  demonstrating	
  photonic	
  cavities	
  in	
  silicon	
  
carbide	
  [2]	
  as	
  an	
  extension	
  of	
  this	
  platform.	
  	
  
	
  
	
  
References:	
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SPEAKER: Romain Bachelard
SESSION: New coherent sources of radiation: from LWI to parametric collective oscillators (QASER)

Cooperativity in light scattering by cold atoms
R. Bachelard1, Ph.W. Courteille1, T. Bienaimé2, N. Piovella3, R. Kaiser2
1

Instituto de Física de São Carlos, Universidade de São Paulo, Brazil
Institut Non-Linéaire de Nice, France
3 Università Degli Studi di Milano, Italy
2

We discuss cooperative effects in light scattering by a cold atomic cloud, with a special emphasis on an ab
initio microscopic description of the atoms in vacuum, the particles being coupled to each other only
through their radiation. Many fundamental cooperative phenomena can be recovered, such as
superradiance, subradiance or collective Lamb shift.
Many effects are well captured by mean-field approaches, using either Rayleigh scattering or the so-called
‘timed-Dicke state’. Yet optically dense samples require a non-homogeneous description of the dipole
excitation profile in the cloud. Mie scattering is one such theory that describes the various anisotropic modes
present in a cloud, yet this continuous description of the cloud fails to capture disorder-related phenomena
(e.g. coherent back-scattering). This continuous
approximation is also commonly used to study onedimensional photonic band-gaps (transfer matrix
theory), yet it cannot be generalized to higher
dimensional systems.
We thus discuss the validity of these various
approaches, in particular the observables that are
correctly by each theory. The microscopic modelling
remains superior in the number of well-described
phenomena, although it is a challenging many-body Figure: Incident and radiated field from an optical lattice
4
problem. As an example of analytical result that can be composed of 10 atoms, using an ab initio microscopic
description. The model describes correctly both coherent

obtained, we discuss results for coherent back- backward radiation and speckle.
scattering from clouds of arbitrary geometries.
[1] T. Bienaimé et al., Fortschr. Phys. 61 (2 – 3), 377 – 392 (2013).
[2] M. Samoylova et al., Opt. Comm. 312, 94–98 (2014).
[3] R. Bachelard et al., EPL, 97 (2012) 14004
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Speaker: Dr. Vadim Backman, Northwestern University
Session: Spectroscopy in Biology and Medicine
Title: Photonics meets biophysics and biology: from nanoimaging to winning the war on cancer
Abstract: In the past decades, advances in optics have been translated into vital applications in
biology and medicine. Nanoscale imaging is one of these emerging applications. Cellular life is
fundamentally governed by physical processes at a macro-molecular scale (i.e. tens to hundreds
of nanometers), but observation of these scales is challenging. This is especially true for live cells
and tissue, since most high resolution imaging methods require processing that alters the nanoarchitecture. In particular, most of what biologists know about genome regulation comes from
the view of the cell as a molecular machine. Although powerful, this prevailing approach omits
an important facet: the regulatory role of nuclear nanoscale structure. Molecular processes in
the cell do not happen in an empty space but in a highly complex and dense nanoscale
environment, which has profound effects on many aspects of these processes. Yet, the
ramifications of nanoarchitecture with regard to macromolecular interactions have been largely
unexplored to a large extent due to the limitations of optical microscopy to image nanoscale cell
structure. This talk discusses a suite of new spectroscopic imaging techniques based on the
analysis of the interference of elastically scattered light, which have been developed to quantify
the statistical properties of intra- and extracellular structure at the nanoscale. The talk also
discusses the physical principles linking the nanoarchitecture with the regulation of molecular
processes. Data show that alterations in the nuclear nanoarchitecture are some of the earliest
events in carcinogenesis. Thus optical nanoscale imaging has the potential to provide key
insights into fundamental cell biology as well as lead to cancer screening.
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Cavity enhanced light-matter interactions and their use for non-classical
light generation
Michal Bajcsy1,2,†, Armand Rundquist2, Arka Majumdar2,3, Tomas Sarmiento2, Kevin Fischer2,
Konstantinos G. Lagoudakis2, Sonia Buckley2, Alexander Y. Pigott2, and Jelena Vu!kovi"2
1Institute for Quantum Computing, University of Waterloo, ON
2Ginzton Laboratory, Stanford University, CA
3Department of Physics, University of California, Berkeley, CA
(†michal.bajcsy@gmail.com)
This talk will first provide an overview of recent experimental developments in cavity enhanced
light-matter interactions in cavities of assorted sizes. Following the introduction, I will focus on
our latest work exploring the use of a single quantum emitter coupled to a cavity as a photon
number filter.
An individual two-level quantum emitter strongly coupled to a cavity can produce non-classical
light by filtering the input stream of photons coming from a classical coherent light source
through a mechanism described as ‘photon blockade’. Recent proposals have extended the
concept of photon blockade from single photons to two-photon Fock state generation by
coupling the probe laser to the second manifold of the Jaynes-Cummings ladder via a two-photon
transition. This approach can be further generalized to create third- and higher-order photon
states inside the cavity through multi-photon transitions to the corresponding manifold (Fig. 1
(a)). Following our proposal, we report the probing of these multi-photon transitions into the
higher manifolds of the Jaynes-Cummings ladder of a strongly coupled quantum dot–photonic
crystal nanocavity system by measuring the third-order autocorrelation function (g(3)(#1,#2)) of a
probe laser transmitted through such a system. We observe bunching in g(3) for transmitted
photons when the probe laser is resonant with the third manifold and anti-bunching when the
probe laser is tuned away from resonance. We contrast the value of g(3)(0,0) with the
conventionally used g(2)(0) and demonstrate that in addition to being necessary for detection of
two-photon states emitted by a low-intensity source, g(3) provides a more clear indication of the
non-classical character of a light source, as distinguishable from coherent light. I will also
present preliminary data that demonstrates bunching in the fourth-order autocorrelation function
g(4)(#1, #2, #3) as the first step toward detecting three-photon states.

Fig. 1: (a) Energy diagram showing the spacings between the levels of a system consisting of a two-level
quantum emitter strongly coupled to a cavity. (b) The third-order temporal auto-correlation function
g(3)(!1,!2) and (c) the fourth-order temporal auto-correlation function g(4)(!1,!2,!3) observed in the
photons transmitted through a resonantly probed photonic-crystal cavity containing a strongly coupled
quantum dot.
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On conical emission in dense sodium vapor
C. W. Ballmann1, H. Cai1, J. V. Thompson1, A. Joshi1, Y. V. Rostovtsev2, A. V. Sokolov1, G. O. Ariunbold1,3,
and M. O. Scully1,4,5
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Texas A&M University, College Station, TX 77843
2

University of North Texas, Denton, TX 76203

3

National University of Mongolia, Ulaanbaatar, Mongolia 21646
4

Princeton University, Princeton, NJ 08544
5

Baylor University, Waco, TX 76798

Abstract
We present our work in dense sodium vapor excited by a 800 nm, 50 fs (700 μJ/pulse energy) pulse
generated from a commercially available amplified femtosecond laser system with 1 kHz repetition rate.
The emission pattern from the Na heatpipe is studied for the cases of a focused and unfocused input
beam. The spectrum, ring structure, backward emission and other effects are presented as a function of
input pulse power and atomic density. The observed spectrum is not a continuum, but narrow emission
lines over a broad frequency range. Observed backward emission, along with several lines in the forward
spectrum, is due to yoked superfluorescent emission. Since a femtosecond filament can form at
distances up to several kilometers in the atmosphere, backward emission from the sodium layer in the
mesosphere could potentially be obtained by filament excitation.

Na Heatpipe
800 nm, fs pulses

Figure 1 – Infrared pulses enter the heatpipe and leave a beautiful ring structured spectrum. Spectrum inset shows
part of a sample spectrum in forward direction.

PQE-2014

74

Speaker: Herman Batelaan
Session: Controlling Matter with Light
Schedule: Thursday evening invited session

Towards free electron quantum optics: Coulomb repulsion and quantum degeneracy.
Herman Batelaan, University of Nebraska-Lincoln
Hanbury-Brown Twiss anti-correlation has been observed for free electrons in a unique experiment [1].
This tour-de-force experiment was done even though, the degeneracy was low (10-4) and the anticorrelation was weak. The experiment was done using a single tip emission source that ran continuously
and the effect of Coulomb repulsion was not studied. We hope to redo the experiment with a pulsed
femtosecond electron source [2, 3]. The much higher expected degeneracy should give rise to stronger
anti-correlation.
We also plan to extend the single tip experiment to a double tip. For a single tip and thus an initial
short distance between the emitted electrons we expect the Coulomb interaction to compete with
degeneracy [4], while at a larger
distance (for double tips) we
expect a pure HBT anti-bunching
for incoherent sources.
It is
1 μm
exciting to investigate the
technological
and
scientific
boundaries of full coherent control
for multi-particle electron pulses.
A brief summary of the coherent
control for the KD-effect, double
slits, electron nano–gratings,
electron interferometry,
and
femtosecond electron nanotips,
Figure 1. Electron “double star”. A schematic set-up for a
illustrating single particle electron
Hanbury-Brown Twiss correlation experiment for
matter optics, will be given. A
first step into the direction of free
femtosecond electron pulses emitted from a double field
multi particle coherent pulses is
emission tip.
the two particle HBT-effect. Just
as the HBT-effect has been used for “femtoscopy” to look into the femtometer scale for high-energy
collisions [5], using the HBT-effect for pulsed electrons may provide another route to look into nanometer
scale surface phenomena. The combination of such an approach with the ultrafast time scales available
with modern light sources makes this an exciting prospect. Understanding the “surface” in the limited
view of the photo-emitted electrons may be helpful in the design of multi-tip coherent and degenerate
electron emitters. What ultimately wins out for ever-shorter multi electron pulses, that is, degeneracy or
Coulomb interaction, is perhaps interesting on a fundamental level in view of the scaling with particle
number, and relevant to proposed techniques for electron pulse compression [6] as applied to multielectron pulses.
[1] H. Kiesel, A. Renz, F. Hasslebach, Nature 418, 392 (2002).
[2] P. Hommelhoff, Y. Sortais, A. Aghajani-Talesh, and M. A. Kasevich, Phys. Rev. Lett. 96, 077401
(2006).
[3] B Barwick, C Corder, J Strohaber, N Chandler-Smith, C Uiterwaal and H Batelaan, New J. Phys. 9,
142 (2007).
[4] P. Lougovski, H. Batelaan, Physical Review A 84, 023417 (2011).
[5] G. Baym, Acta. Phys. Pol. B 29, 1839–1884 (1998).
[6] S. Hilbert, B. Barwick, K. Uiterwaal, H. Batelaan, A. Zewail, PNAS 106, 10558, (2009).
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Nonlinear generation of THz surface plasmons in graphene and
topological insulators
1

Alexey Belyanin1, Xianghan Yao1, and Mikhail Tokman2
Department of Physics and Astronomy, Texas A&M University, College Station, TX 77843, USA
2
Institute of Applied Physics, Russian Academy of Sciences, Nizhny Novgorod, Russia

Two-dimensional materials with massless Dirac electrons such as graphene and topological
insulators (TIs) support surface plasmons with a number of peculiar properties. In this theoretical
work we show that a coherent surface plasmon mode guided by graphene or a TI surface can be
excited with high efficiency through the second-order nonlinear process of difference frequency
generation (DFG). Although graphene is an isotropic medium for low-energy electron excitations,
the second-order nonlinear susceptibility becomes non-zero and in fact very large when its spatial
dispersion is taken into account. In this case the anisotropy is induced by the in-plane wave vectors
of obliquely incident or in-plane propagating electromagnetic waves, as shown in Fig. 1. The
dispersion curves of surface plasmons strongly deviate from the photon dispersion already at THz
frequencies, leading to a tight vertical confinement and large in-plane wave vector which can be
matched to the sum of the photon wave vectors at mid- or even near-IR frequencies. This enables
phase-matched DFG of THz plasmons with counter-propagating mid-infrared pump fields. The
DFG process can reach power conversion efficiencies of 0.1/W in the integrated waveguide
geometry (Fig. 1e) and is broadly tunable by gating or varying an angle of incidence.

Fig. 1(a): Geometry of the DFG process in monolayer graphene or the TI surface. Two mid-infrared pump fields at frequencies ωa
and ωb incident at angles θa and θb generate a highly confined THz surface plasmon at their difference frequency. (b): Elementary
three-wave-mixing processes involving two photons and a plasmon coupled to interband and intraband transitions, respectively. Grey
(2)
shading indicates filled electron states. (c) Magnitude of the 2D χ as a function of Fermi energy for a fixed incidence angle θa = θb
o
= θ = 60 and fixed sum of the incident pump frequencies ωa + ωb = 400 meV. Red line is the generated plasmon frequency which
satisfies the phase-matching condition and energy conservation. (d) The DFG efficiency η = Ipl/IaIb and incidence angle θ as a
function of the generated plasmon frequency for a fixed sum of the incident pump frequencies ωa + ωb = 400 meV. (e): Integrated
waveguide geometry: two counter-propagating TM-modes of the pump fields in a dielectric waveguide generate a surface plasmon
guided by graphene layer deposited on top of the waveguide.

PQE-2014

76

Speaker: Pierre Berini
Session: Frontiers in Plasmonics: Light Harvesting
Schedule: Monday Morning Invited Session 1

Electrically-Contacted Metal Nanodipole Antennas on Si
Mohammad Alavirad1,2, Anthony Olivieri2, Langis Roy1 and Pierre Berini2,3
1

Department of Electronics, Carleton University, 2School of Electrical Engineering and Computer Science, University
of Ottawa, 3Department of Physics, University of Ottawa
Nanoantennas are key optical elements in the
conversion of light from free-space to ultra-small
volume. Since they can provide highly-enhanced
fields, strong confinement (to sub-wavelength scale)
and high bulk and surface sensitivities, they are of
interest in photodetection and biosensing applications.
A Schottky barrier photodetector formed at the
interface between a metal and a lightly doped
semiconductor can be used to detect infrared radiation
below the bandgap energy of the semiconductor via the
internal photoelectric effect [1].
In this paper we report on electrically-contacted
metal nanodipole antennas on Si for photodetection
and biosensing. To this end, we introduce a Au
nanodipole array on Si, forming a Schottky contact
thereon, covered by water, supporting short-range
surface plasmon polaritons. Fig. 1 (left) shows a sketch
of the concept, where the Au nanodipoles are
interconnected via Au lines running perpendicularly to
the dipole axes through the middle of each arm to a
common circular contact pad used to collect the
photocurrent. We use a hot-carrier thin-film model to
calculate the internal quantum efficiency [1]. Fig. 1
(right) shows the computed responsivity (R esp ) and
minimum detectable power (S min ) of a typical design.

nanodipoles as a capacitor and the two arms as two
open-circuited transmission lines and find an implicit
expression yielding the resonant wavelength from
modal results. Using this model we obtain expressions
for the bulk and surface sensitivities which are in a
good agreement with the FDTD results, and optimal
designs that maximize the sensitivities [2].
The fabrication and experimental characterization of
rectennas have been initiated. Electrically-contacted
nanodipole arrays are made via E-beam lithography
and Au lift-off on p-Si. Two scanning electron
microscope (SEM) images of a realized structure are
shown in Fig.2. The top SEM shows an array
connected to a circular pad and the bottom one shows a
close-up of the array.

Fig.2. (top) Electrically-contacted nanodipole arrays connected to a
circular pad, (bottom) close-up SEM image of a portion of an array.
Fig.1. (left) Array of Au nanodipoles on p-Si covered by H 2 O; an
infra-red (sub-bandgap) plane wave source illuminates the array in
the +z-direction from below (right) Responsivity (R esp ) and
minimum detectable power (S min ) vs. free space wavelength (λ 0 )

In addition to biosensing applications, the broad
infrared sensitivity of this device could enable low-cost
silicon imaging detectors.

The rectenna can monitor changes in the refractive
index of bulk solutions and in the thickness of
(bio)chemical adlayers on its surface. High sensitivities
are predicted for the dipoles: 250 nm/RIU (bulk) and 8
nm/nm (surface), determined using FDTD methods [1].
We also model the gap between the arms of

[1] M. Alavirad, S. S. Mousavi, L. Roy and P. Berini, “Schottky
contact plasmonic dipole rectenna concept for biosensing,” Optics
Express, Vol. 21, Issue 4, pp. 4328-4347 (2013)
[2] M. Alavirad, L. Roy and P. Berini, “Optimization of Plasmonic
Nanodipole Antenna Array for Sensing Applications,” accepted for
publication in IEEE J. Sel. Top. Quant. Electr.
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Stimulated X-ray Emission in Solids
Martin Beye (martin.beye@helmholtz-berlin.de)
Helmholtz-Zentrum Berlin für Materialien und Energie GmbH, Berlin, Germany
Spectroscopy with soft X-rays allows for studies of matter in all aggregate states. Especially inelastic
photon-in photon-out spectroscopies, like RIXS (resonant inelastic X-ray scattering) or XES (X-ray
emission spectroscopy), have the ability to address fundamental excitations in matter: phonons, magnons,
orbitons, vibrations in molecules, as well as all kinds of electronic excitations. Combined with the ability of
soft X-rays to address different elements selectively and even disentangle atoms of the same element in
different chemical surroundings, we have a very powerful tool at hand to understand the driving forces
behind materials‘ functions [1].
The drawback of these spectroscopies is usually the low signal level: Most of the incoming photons are
emitted as energetic electrons (>99%) and soft X-ray spectrometers necessarily have a limited acceptance
angle, detecting only about 10-5 of the nearly isotropically emitted photons.
These limitations can be overcome, when stimulated processes after intense X-ray irradiation are used to
amplify the spontaneously emitted photons and direct them towards the spectrometer. By carefully
choosing the experimental geometries, signal enhancements of several orders of magnitude are possible.
Lifetimes of X-ray excited states are in the range of femtoseconds and only the recent development of Xray free-electron lasers enabled the observation of amplified spontaneous emission (ASE) with X-rays [2].
Since X-ray absorption lengths in solids are in the range of nanometers, a careful choice of the
experimental geometry is crucial. The thin disk shape of the excited volume enhances the gain close to the
surface, while reabsorption limits the achievable gain length. Experimentally, the maximum signal was
observed at 9° to the surface [3].
Sample
45°

Detected Signal (arb.u.)
0.4
0.6
0.8

0°

15°

30°

45°

Figure:
Soft X-rays from FLASH, the free-electron
laser in Hamburg, strongly excite silicon
core levels in the surface plane. ASE builds
up in directions close to the surface. The
competition of modes inside the surface plane
limits the achievable gain and leads to a
quick saturation of the amplification
process.
We excited with a nearly round beam,
impinging at 45° to the surface, while the
signal was detected with a fixed spectrometer
and a photodiode that was moved in a plane
normal to the surface.

[1] Ament et al., „Resonant Inelastic X-ray Scattering Studies of Elementary Excitations“, Rev. Mod. Phys.
83, 705 (2011).
[2] Rohringer et al., „Atomic Inner-Shell X-ray Laser at 1.46 Nanometres Pumped by an X-ray FreeElectron Laser“, Nature 481, 488 (2012).
[3] Beye et al., „Stimulated X-ray Emission for Materials Science“, Nature 501, 191 (2013).
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Negative frequencies in nonlinear optics: new
developments
Fabio Biancalana1
1 School

of Engineering and Physical Sciences, Heriot-Watt University, Edinburgh EH14 4AS, UK
f.biancalana@hw.ac.uk

Motivated by recent experimental results [1, 2], I demonstrate that the ubiquitous pulse propagation equation based on a single generalized nonlinear Schrödinger equation (GNLSE) is incomplete and inadequate to
explain the formation of the so called negative-frequency resonant radiation emitted by optical solitons [3].
The origin of this deficiency is due to the absence of a peculiar nonlinear coupling between the positive and
negative frequency components of the pulse spectrum during propagation, a feature that the slowly-varying
envelope approximation (SVEA) is unable to capture. I therefore introduce a conceptually new model, based
on the envelope of the analytic signal, that takes into account the full spectral dynamics of all frequency components, is prone to analytical treatment and retains the simulation efficiency of the nonlinear Schrödinger
equation.
In order to do this, based on previous works [4] I derive an equation that correctly describes the nonlinear
interaction between the positive and the negative frequency parts of the spectrum of optical pulses. The key
concept is that the envelope function is now defined in terms of the analytic signal of the electric field, therefore clearly dividing the dynamics of the negative and positive frequency parts of the spectrum, and avoiding
SVEA altogether, while still retaining an envelope formulation. The interaction between positive and negative frequencies is due to the presence of a cross-phase-modulation-like term in the nonlinear polarization,
the role of which is elucidated here for the first time. By using the new equation I analytically derive the
phase-matching conditions between a soliton and the positive- and negative-frequency resonant radiation
emitted by it. This theory opens up a new realm in nonlinear optics and in other areas that are described by
NLSE-like equations (for instance BEC, plasmas, etc.), since it proves that conventional treatments based
on GNLSE are deficient, due to the lack of the negative frequency terms. These interactions are of course
present in the unidirectional pulse propagation equation (UPPE, [5]) and in the nonlinear Maxwell equations, which are however much less transparent and less suitable for analytical treatment than the model
presented here. Exciting future perspectives are represented by the inclusion of the Raman nonlinearity,
which could provide additional unexplored non-linear effects that are not captured by conventional GNLSE
based on SVEA.
References
1. E. Rubino et al., “Negative-Frequency Resonant Radiation,” Phys. Rev. Lett. 108, 253901 (2012).
2. E. Rubino et al., “Soliton-induced relativistic-scattering and amplification,” Scientific Reports 2, 932
(2012).
3. F.
Biancalana,
“Negative
Frequencies
Get
Real,”
Physics
5,
68
(2012)
[http://physics.aps.org/articles/v5/68].
4. M. Conforti et al., “Negative-frequency dispersive wave generation in quadratic media,” Phys. Rev. A
88, 013829 (2013).
5. M. Kolesik et al., “Theory and Simulation of Ultrafast Intense Pulse Propagation in Extended Media,”
IEEE J. Sel. Top. Quantum Electron. 18, 494–506 (2012).

PQE-2014

79

Speaker: Paola Borri
Session: Femtosecond microscopy in the single molecule limit
Schedule: Tuesday evening invited session

Transient four-wave mixing micro-spectroscopy of single nanoparticles
Paola Borri
School of Biosciences, Cardiff University, Cardiff CF10 3AX, United Kingdom
Light-matter interaction in nanoparticles (NPs) such as semiconductor quantum dots,
gold/silver NPs or even nanodiamonds has received increasing attention in the last decade owing
the huge range of applications of these NPs from quantum optoelectronics to biophotonics. The
optical detection of single small NPs with combined high spatial and ultrafast temporal resolution is
however still a challenging task.
Transient four-wave mixing (FWM) spectroscopy is a powerful tool to investigate the
ultrafast dynamics (also in the coherent light-matter interaction regime [1]) following excitation by a
short optical pulse in non-fluorescent NPs. Recently, we have expanded this pump-probe
spectroscopy technique to the microscopy domain and demonstrated background-free imaging of
single small (< 40nm) gold NPs even in highly scattering/fluorescing environments such as within
cells [2]. Importantly, we demonstrated imaging at useful speeds (10kHz pixel rate) and low
excitation powers (<100kW/cm2) compatible with living cells, with a 3D spatial resolution
significantly surpassing the one-photon diffraction limit. Furthermore, by implementing a phasesensitive heterodyne detection we resolved the ultrafast changes of the real and imaginary part of
the dielectric function in single gold NPs [3]. The results agree well with a quantitative model (see
red dashed lines in figure) of the FWM response which accounts for the transient electron
temperature and density in gold via intraband and interband transitions at the surface plasmon
resonance (SPR). Beyond fundamental interest, this phase-resolved detection provides an intrinsic
ratiometric readout which has the potential to bring unprecedented sensitivity in SPR-based
sensing applications. We also recently applied this technique to image single nanodiamonds via
their vibrational coherence at the diamond resonance of the sp3 carbon bonds, and our latest
results will be presented.

Left: Sketch of the phase-resolved transient FWM micro-spectroscopy technique. AOM: acouto-optics modulator. BPD:
balanced photodiodes. Top inset: FWM imaging of 20-nm gold NPs resonantly excited and probed at 550 nm and
corresponding histogram with a Gaussian fit showing a monomodal size distribution. Right: Transient changes of the real
and imaginary parts of the dielectric function of a single 20-nm gold NP. Dashed lines are corresponding calculations
(see text).

[1] F. Masia, N. Accanto, W. Langbein, and P. Borri, Phys. Rev. Lett. 108, 087401 (2012)
[2] F. Masia, W. Langbein, P. Watson, and P. Borri, Optics Letters 34, 1816 (2009)
[3] F. Masia, W. Langbein, and P. Borri, Phys. Rev. B. 85, 235403 (2012); ibid Phys. Chem. Chem.
Phys 15, 4226 (2013).
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Hybrid III-V Silicon Quantum Dot and Quantum Well Lasers
J. E. Bowers, A. Y. Liu, C. Zhang, and A. C. Gossard
University of California Santa Barbara, California, USA
*bowers@ece.ucsb.edu

The silicon photonics field is advancing rapidly, with many new devices demonstrated
recently [1]. Demonstrations have shown significantly improved performance that is now
approaching that of devices on native InP substrates. In addition to the many passive devices,
including AWGs, isolators, and circulators, active devices including lasers, modulators,
amplifiers and photodetectors (Fig. 1) are reaching higher levels of integration. Over 60
devices have been integrated onto a single waveguide for applications such as integrated
transmitters for datacom and telecom, true time delay PICs for phased array radars, and two
dimensional swept transmitters for LIDAR.

Fig. 1. Examples of hybrid silicon III-V active devices heterogeneously bonded to silicon [1].

Recent work has focused on the epitaxial growth of III-V layers on silicon using
intermediate buffer layers, typically Ge and strained superlattices, to minimize dislocations
propagating into the active region [2]. The use of quantum dot (QD) laser gain material can
minimize the effect of threading dislocations on threshold and power, even after aging. As
shown in Fig. 2, these lasers can have low threshold, high power (90 mW CW) and high T0
(>200K up to 50˚C).
1.
2.

M. J. R. Heck, et al., “Hybrid Silicon Photonic Integrated Circuit Technology,” IEEE J. Sel. Top. Quantum
Electron., vol. 19, no. 4, pp. 6100117–6100117, Jul. 2013.
A. Y. Liu, et al., “1.3µm InAs Quantum Dot Ridge Lasers on Silicon”, NAMBE (2013).

Fig. 2. a) CW LI curves for a quantum dot laser operating CW. b) CW LIV at 20˚C for a
1137x12µm2 laser. Inset: 1x1µm2 AFM of a typical dot in well layer(dot density~4.5x10^10 /cm2).
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Weak values and the direct measurement of the quantum wavefunction
Robert W. Boyd
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In	
   a	
   paper	
   recently	
   published	
   in	
   Nature	
   Photonics	
   [1],	
   our	
   group	
   describes	
   a	
   procedure	
   for	
  
measuring	
  directly	
  the	
  polarization	
  state	
  of	
  a	
  photon	
  of	
  light.	
  	
  	
  Until	
  recently,	
  the	
  quantum	
  state	
  of	
  light	
  
could	
  be	
  measured	
  only	
  using	
  indirect	
  procedures,	
  such	
  as	
  quantum	
  tomography.	
  Quantum	
  tomography	
  
requires	
  intensive	
  post-‐processing	
  of	
  the	
  data,	
  and	
  this	
  is	
  a	
  time-‐consuming	
  process	
  that	
  is	
  not	
  required	
  
in	
   the	
   direct	
   measurement	
   technique.	
   Thus,	
   in	
   principle,	
   the	
   new	
   technique	
   provides	
   the	
   same	
  
information	
   as	
   quantum	
   tomography	
   but	
   in	
   significantly	
   less	
   processing	
   time.	
   	
   The	
   concept	
   of	
   direct	
  
measurement	
  was	
  first	
  introduced	
  in	
  2011	
  by	
  Jeff	
  Lundeen	
  and	
  his	
  coworkers	
  [2].	
  Our	
  new	
  work	
  builds	
  
on	
  this	
  earlier	
  work	
  by	
  applying	
  it	
  to	
  the	
  polarization	
  degree	
  of	
  freedom	
  of	
  the	
  light	
  field	
  for	
  qubits,	
  the	
  
building	
  blocks	
  of	
  quantum	
  information	
  science.	
  
	
  
The	
   key	
   to	
   characterizing	
   any	
   quantum	
   system	
   is	
   the	
   gathering	
   of	
   information	
   about	
   conjugate	
  
variables.	
   The	
   reason	
   it	
   was	
   previously	
   thought	
   impossible	
   to	
   measure	
   two	
   conjugate	
   variables	
   directly	
  
was	
   because	
   measuring	
   one	
   would	
   destroy	
   (collapse)	
   the	
   wavefunction	
   before	
   the	
   other	
   one	
   could	
   be	
  
measured.	
   The	
   direct	
   measurement	
   technique	
   employs	
   a	
   “trick”	
   to	
   measure	
   the	
   first	
   property	
   in	
   such	
   a	
  
way	
  that	
  the	
  system	
  is	
  not	
  disturbed	
  significantly	
  and	
  information	
  about	
  the	
  second	
  property	
  can	
  still	
  be	
  
obtained.	
  	
   This	
  careful	
  measurement	
  relies	
  on	
  the	
  “weak	
  measurement”	
  [3]	
  of	
  the	
  first	
  property	
  followed	
  
by	
  a	
  “strong	
  measurement”	
  of	
  the	
  second	
  property.	
  
	
  
The	
   ability	
   to	
   perform	
   a	
   direct	
   measurement	
   of	
   the	
   quantum	
   wavefunction	
   has	
   important	
  
implications	
   for	
   quantum	
   information	
   science.	
   Ongoing	
   work	
   in	
   our	
   group	
   involves	
   applying	
   this	
  
technique	
  to	
  other	
  systems,	
  for	
  example,	
  measuring	
  the	
  form	
  of	
  a	
  “mixed”	
  (as	
  opposed	
  to	
  a	
  pure)	
  quantum	
  
state	
  and	
  to	
  measuring	
  the	
  statevector	
  of	
  a	
  state	
  imbedded	
  in	
  a	
  very	
  large	
  Hilbert	
  space.	
  
	
  
This	
   work	
   was	
   supported	
   by	
   the	
   Canada	
   Excellence	
   Research	
   Chairs	
   program	
   and	
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  InPho	
  program.	
  

	
  

	
  

	
  

Fig.	
  1	
  	
  Experimental	
  setup	
  used	
  to	
  measure	
  the	
  polarization	
  statevector	
  of	
  a	
  photonic	
  qubit.	
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Comparison among Ramsey, spin-echo and CPMG pulse protocols for
magnetometry applications
D. A. Braje1 ,∗ S. A. DeSavage2 , C. L. Adler3,4 , J. P. Davis4 , and F. A. Narducci4†
1

RF and Quantum Systems Technology Group,MIT Lincoln Laboratory, Lexington, MA 02420-9108
2
Aerospace Mass Properties Analysis, Inc., North Wales, Pa 19454
3
Dept. of Physics, St. Mary’s College of Maryland, St. Mary’s City, Maryland, 20686
4
EO Sensors Division, Naval Air Systems Command, Patuxent River, MD. 20670

We will discuss the frequency response function of a time-domain atom interferometer as it relates to magnetometry.
We show that a pulse sequence of the type π/2 − (N π) − π/2 (where N is the number of π pulses applied) is sensitive
to DC magnetic fields for N = 0 (Ramsey interference) whereas a pulse sequence with N = 1 (spin echo) is immune
to DC fields with increased frequency response at higher frequencies [1]. The interferometer response function
gN (ω, T ) (as shown in Fig. 1a) has a peak response frequency and characteristic bandwidth, which are determined
by the number of π pulses, the overall time in the interferometer (T), and the pulse spacing. In this talk, we’ll
compare and contrast standard pulse sequences (Ramsey, spin echo, and CPMG). We demonstrate how Ramsey,
spin echo and CPMG interferences can be performed on a cold atom cloud. We present data from our cold atom
experiments performed in an unshielded environment that conclusively show a significant enhancement in coherence
time using spin echo protocol versus Ramsey protocol (Fig. 1b). We connect our cold atom work to on-going work
using similar protocols but with nitrogen vacancies in diamond crystal lattices as an alternate atomic medium.
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FIG. 1: (a) The response function, gN (ω, T ), is plotted as a function of magnetic-field frequency for Ramsey and spin-echo
pulse sequences. (b) Magnetic coherence time is plotted for Ramsey and spin echo pulse sequences. Note the dramatic
increase in coherence time for the spin-echo sequence, which is immune to low frequency noise.

The Lincoln Laboratory portion of this work is sponsored by the Assistant Secretary of Defense for Research & Engineering
under Air Force Contract #FA8721-05-C-0002. Opinions, interpretations, conclusions and recommendations are those of the
authors and are not necessarily endorsed by the United States Government.

[1] D. A. Braje, S. A. DeSavage, C. L. Adler, J. P. Davis, and F. A. Narducci, “A frequency selective atom interferometer
magnetometer,”J. Mod. Opt., (in press).
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Enhanced Quantum Spin-Sensing Using Light Trapping in a Bulk Diamond System
Hannah Clevenson1, Matthew E. Trusheim1, Tim Schröder1, Danielle Braje2, Dirk Englund1
1
Massachusetts Institute of Technology, Cambridge, MA, 02139
2
MIT Lincoln Laboratory, Lexington, MA 02420

Nitrogen vacancy (NV) centers in diamond are used for numerous quantum sensing
applications, including thermometry, magnetometry, electric field sensing, inertial
sensing, and timekeeping. These types of sensors utilize both continuous-wave (CW)
approaches as well as pulsed protocols. Historically, nitrogen vacancy research has
focused on the use of single NVs; here we take advantage of bulk measurements. It has
been shown that using a large number (N) of NV centers can enhance the sensitivity by as
much √N [1,2]. In this work, we present a method for enhancing the signal strength from
bulk diamond plates, specifically for precision magnetometry and timekeeping [2,3]. We
are also exploring the homogeneity of the zero field splitting and the effects of strain
across bulk diamond samples. We observe high signal-to-noise ratio electron spin
resonance signal from ~107 or more NV defect centers. Furthermore, we demonstrate CW
magnetometry by splitting this
resonance, using a static magnetic
field, into four separate resonances
corresponding to the four possible
orientations of the NV defect
centers. Each of these resonance
dips exhibits splitting due to
hyperfine coupling to nearby
nuclear spins (see figure). This
signal enhancement allows us to
perform quantum spin-sensing
measurements without the use of
lock-in amplification with signal to
noise ratios on the order of 100.

[1] Le Sage, D., L. M. Pham, N. Bar-Gill, C. Belthangady, M. D. Lukin, A. Yacoby, and R. L. Walsworth.
"Efficient photon detection from color centers in a diamond optical waveguide." Physical Review B 85, no.
12 (2012): 121202.
[2] Taylor, J. M., P. Cappellaro, L. Childress, L. Jiang, D. Budker, P. R. Hemmer, A. Yacoby, R.
Walsworth, and M. D. Lukin. "High-sensitivity diamond magnetometer with nanoscale resolution." Nature
Physics 4, no. 10 (2008): 810-816.
[3] Hodges, Jonathan S., N. Y. Yao, D. Maclaurin, C. Rastogi, M. D. Lukin, and D. Englund.
"Timekeeping with electron spin states in diamond." Physical Review A87, no. 3 (2013): 032118.
The Lincoln Laboratory portion of this work is sponsored by the Assistant Secretary of Defense for
Research & Engineering under Air Force Contract #FA8721-05-C-0002. Opinions, interpretations,
conclusions and recommendations are those of the authors and are not necessarily endorsed by the United
States Government.
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Device Applications of Metafilms and Metasurfaces
Mark L. Brongersma, Geballe Laboratory for Advanced Materials, Stanford University,
Stanford, CA USA 94305, Fax: (650) 736-1984; Email: Brongersma@stanford.edu

Many conventional optoelectronic devices consist of thin, stacked films of metals and
semiconductors. In this presentation, I will demonstrate how one can improve the
performance of such devices by nano-patterning the constituent layers at length scales
below the wavelength of light. The resulting metafilms and metasurfaces offer
opportunities to dramatically modify the optical transmission, absorption, reflection,
and refraction properties of devices. This is accomplished by encoding the optical
response of nanoscale resonant building blocks into the effective properties of the
films and surfaces. To illustrate these points, I will show how nanopatterned metal
and semiconductor layers can be used to enhance the performance of photodetectors,
solar cells, and enable new imaging technologies.

Figure 1: Colorful flower constructed from subwavelength Si nanobeams spaced at
subwavelength spacings. The left panel shows a darkfield optical image of a the
flower under white light illumination. The different structural colors (blue, green
yellow, and red) seen in the image are the product of the different beam sizes in areas
1, 2, 3, and 4. The different beam sizes support optical scattering resonances that
critically depend on the beam size and cross sectional shape.
References
[1] “Tuning the Color of Silicon Nanostructures,” Linyou Cao, Pengyu Fan, Edward S.
Barnard, Ana M. Brown and Mark L. Brongersma, Nano Lett., 2649–2654, 10, 2010.
[2] “Semiconductor Nanowire Optical Antenna Solar Absorbers,” Linyou Cao, Pengyu Fan,
Alok P. Vasudev, Justin S. White, Zongfu Yu, Wenshan Cai, Jon A. Schuller, Shanhui Fan
and Mark L. Brongersma, Nano Lett., 10, 439–445 (2010).
[3] “Optical Coupling of Deep-Subwavelength Semiconductor Nanowires,” Linyou Cao,
Pengyu Fan, and Mark L. Brongersma, Nano Letters 11, 1463-1468, (2011).
[4] “Metamaterial-mirrors in optoelectronic devices,” Majid Esfandyarpour, Erik C. Garnett,
Yi Cui1, Michael D. McGehee, Mark L. Brongersma, Submitted.

PQE-2014

85

Speaker: Garnett Bryant
Session: Frontiers in Plasmonics: Quantum Effects
Schedule: Tuesday evening invited session

Approaching the quantum limit for metal nanoparticle plasmonics: dimers
and quantum dot nanohybrids
Emily Townsend and Garnett W. Bryant
Quantum Measurement Division and Joint Quantum Institute
National Institute of Standards and Technology and University of Maryland, Gaithersburg, MD 20899-8423, USA
garnett.bryant@nist.gov

Nanoscale transmission of quantum excitations for quantum communication, computing and
measurement will require transfer that preserves the quantum character of the information. One proposed
realization for nanoscale quantum information transfer uses hybrid systems of metallic nanoparticles
(MNP) and semiconductor quantum dots (QD), with plasmons in MNPs moving qubits from QD to QD.
An accurate description of this process requires an understanding of the coupling and hybridization
between states of the QD and the MNP plasmons and between the MNPs that couple the QDs. Ultimately,
a quantum description of the entire system, treating the MNPs and QDs on an equal footing, is needed to
fully account for size quantization, quantized plasmons, coherent coupling, interparticle tunneling and
nonlocal and nonlinear response.
To this end, we apply real-space time-dependent density functional theory to MNP dimers and QD-MNP
nanohybrid molecules. The MNPs are Au jellium nanospheres. The QDs are modeled as finite spherical
square wells with two bound states, one filled and one empty. We consider the limit of small systems
where size quantization effects play a key role. In previous work, we showed that individual, small MNPs
support “quantum core plasmons”, charge density oscillations primarily localized near the MNP core, and
“classical surface plasmons”, charge density oscillations more at the MNP surface [1]. Both of these are
collective oscillations. As the size of the MNP increases, there is a transition to classical behavior.
For dimers and nanohybrids, mode hybridization plays a critical role: in dimers, it is the hybridization of
similar modes; in nanohybrids, the hybridization is between plasmonic modes of the MNP and excitonic
modes of the QD. The figure shows evolution of the rich spectrum of a size-quantized MNP dimer as the
dimer separation is varied. Redshifting and blueshifting modes are clearly visible. Bright and dark modes
both contribute to the spectrum. Both the classical surface plasmon modes and the quantum core
plasmons contribute, although the coupling strength is different for each type of mode. In QD-MNP
hybrids, plasmon hybridization with the discrete QD excitations differs significantly from plasmonplasmon hybridization in the size-quantized limit. This interplay of mode hybridization, the character of
the modes involved, and mode polarization will be described to identify how size quantization determines
the quantum limit for small dimers and nanohybrids.

[1] E. Townsend and G. W. Bryant, Nano Lett. 12, 429 (2012)
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Texas A&M University, College Station, TX 77843, 2Department of Physics, University of North Texas, 1155 Union Circle
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Abstract	
  
We	
   study	
   backward	
   coherent	
   emission	
   from	
   sodium	
   atomic	
   vapor	
   in	
   a	
   heat	
  
pipe	
   pumped	
   by	
   a	
   femtosecond	
   laser	
   beam.	
   An	
   input	
   beam	
   is	
   tuned	
   to	
   two-‐
photon	
   resonance	
   on	
   3S-‐4S	
   sodium	
   atomic	
   transition.	
   The	
   directional	
  
backward	
   and	
   forward	
   emissions	
   at	
   1140	
   nm	
   (4S-‐3P)	
   and	
   forward	
   only	
  
emission	
  at	
  589	
  nm	
  (3P-‐3S)	
  are	
  observed.	
  Nonlinear	
  dependence	
  of	
  emissions	
  
on	
   input	
   beam	
   power	
   and	
   density	
   is	
   investigated	
   in	
   detail.	
   The	
   temporal	
  
characteristics	
  of	
  the	
  generated	
  light	
  are	
  also	
  measured	
  by	
  picosecond	
  streak	
  
camera.	
   The	
   present	
   study	
   can	
   be	
   implemented	
   in	
   remote	
   sensing	
   and	
   a	
  
possible	
   preparation	
   of	
   coherent	
   artificial	
   guide	
   star	
   in	
  the	
   sodium	
   layer	
   in	
   the	
  
above	
  atmosphere.	
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Widely tunable plasmonic antennas with graphene and applications to
high responsivity, high speed detectors
Federico Capasso1, Yu Yao1, Mikhail A. Kats1, Raji Shankar1, Patrick Rauter1, Yi
Song2, Jing Kong2, and Marko Loncar1
1

2

School of Engineering and Applied Sciences, Harvard University, Cambridge
Department of Electrical Engineering and Computer Science, MIT, Cambridge,

Graphene is emerging as an optical material which can be dynamically tuned by electrostatic doping.
However, integration of graphene into optical and optoelectronic devices is limited due to its small
thickness and the resultant weak interaction with light. By combining metal and graphene in a hybrid
plasmonic structure, it is possible to greatly enhance graphene-light interaction.
In this work we first demonstrate that graphene can be integrated into the nano-gaps of coupled
plasmonic antennas to achieve broad tuning of plasmonic antennas. We show that the effective mode index
of the bonding plasmonic mode in metal-insulator-metal (MIM) waveguides is particularly sensitive to the
change in the optical conductivity of a graphene layer in the gap. MIM Au plasmonic structures were
patterned onto a CVD-grown graphene sheet, followed by the fabrication of metal contact on graphene and
a back gate. By incorporating suitable MIM structures in optical antenna designs, we demonstrate an
electrically tunable coupled antenna array on graphene with a large tuning range (1100 nm, i.e. 250 cm-1,
nearly 20% of the resonance frequency) of the antenna resonance at mid-infrared (MIR) wavelengths (6-7
µm), almost twice the bandwidth than previously reported using gratings of linear coupled Au optcal
antennas on graphene.1 Our device exhibits a 3dB cut-off frequency of 30 MHz, which can be further
increased into the GHz range.
Applications to graphene detectors so far are still limited by low responsivity due to the weak
optical absorption (only 2.3% in the monolayer graphene sheet) and short photo-carrier lifetime (< 1 ps). In
the second part of this work we will report on an investigation of closely-coupled metallic antenna
structures on graphene and show that they can be utilized to simultaneously improve both the light
absorption and photo-carrier collection. The coupled antennas concentrate free space light into the nanoscale antenna gaps (~λ0/100), where the graphene light interaction is greatly enhanced as a result of the
ultra-high electric field intensity inside the gap. In addition, the metallic antennas can be designed as
electrodes to collect the generated photo-carriers very efficiently due to the short carrier transit time (subpicosecond). We have demonstrated room temperature mid-infrared (mid-IR) antenna-assisted graphene
detectors with more than 200 times enhancement of responsivity (~0.4 V/W) compared to devices without
antennas (<2 mV/W).
1.

Y. Yao, M. A. Kats, P. Genevet, N. Yu, Y. Song, J. Kong, and F. Capasso
NanoLetters 13, 1257 (2013)
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Nanoholography: fast quantitative phase imaging at the nanoscale
P. Scott Carney1 , Martin Schnell2 , and Rainer Hillenbrand2
1 University

of Illinois-Department of Electrical and Computer Engineering and the Beckman Institute for Advanced Science and Technology
Urbana, Illinois 61801 Email: carney@uiuc.edu
2

CIC nanoGUNE Consolider, 20018 Donostia San Sebastian, Spain

Holography[1] is a means to encode
a complex field amplitude in an intensity image. This is accomplished
in a multiplex fashion, distributing the
phase information across the whole
image, rather than determining the phase
at each pixel independently[2].
In analogy with methods developed
for radar[3], we introduce synthetic
optical holography (SOH) for quantitative phase-resolved imaging in scanning near-field optical microscopy. It
uniquely combines technical simplicity, fast phase imaging and broadband
operation from visible to terahertz frequencies within a single setup.
We demonstrate SOH with a scatteringtype scanning near-field optical miFigure 1: Nanoholography of a resonant gap antenna. (a) The topography and croscope (s-SNOM) [4], an emergraw intensity data. (b) The Fourier transform of the data. (c) the holographi- ing technique for nanoscale mapping
of chemical composition, conductivcally recoved phase and amplitude in agreement with theory.
ity, plasmons or strain[5, 6, 7, 8, 10].
SOH improves the speed of phase-resolved s-SNOM by more than an order of magnitude while significantly simplifying the experiment. We will present images of nanostructured materials and CVD-grown graphene.
References
[1]
[2]
[3]
[4]

Gabor, D. A New Microscopic Principle. Nature 161, 777-778 (1948).
Leith, E. N. and Upatnieks, J. Reconstructed Wavefronts and Communication Theory. J. Opt. Soc. Am. 52, 1123-1128 (1962).
Pasmurov, A. and Zinoviev, J. Radar Imaging and Holography. The Institution of Engineering and Technology, (2005).
Zenhausern, F., Martin, Y. and Wickramasinghe, H. K. Scanning interferometric apertureless microscopy: optical imaging at
10 Angstrom resolution. Science 269, 1083-1085 (1995).
[5] Knoll, B. and Keilmann, F. Near-field probing of vibrational absorption for chemical microscopy. Nature 399, 134-137 (1999).
[6] Hillenbrand, R., et al. Phonon-enhanced light-matter interaction at the nanometer scale. Nature 418, 159-162 (2002)
[7] Taubner, T., et al Near-Field Microscopy Through a SiC Superlens. Science 313, 1595 (2006).
[8] Qazilbash, M. M. et al. Mott transition in VO2 revealed by infrared spectroscopy and nano-imaging. Science 318, 1750-1753
(2007).
[9] Chen, J. et al. Optical nano-imaging of gate-tunable graphene plasmons. Nature 487, 77-81 (2012).
[10] Fei, Z. et al. Gate-tuning of graphene plasmons revealed by infrared nano-imaging. Nature 487, 82-85 (2012).
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Steady-state ab initio laser theory for complex gain media
Alexander Cerjan, Y. D. Chong, and A. Douglas Stone
Department of Applied Physics, Yale University, New Haven, CT 06520, USA

The past two decades have seen an explosion in the types and configurations of novel laser systems. This
development has been fueled by advances in microfabrication techniques and motivated by applications to integrated
on-chip optics, more efficient optical communications, as well as basic scientific interest. Many of these advances are
driven by the use of new gain media, such as semiconductor lasers, quantum cascade lasers, and rotationally excited
gases, for which the typical two level atomic system approximation is poorly suited. For example, though the band
structure of the semiconductor gain medium can be approximated as a series of two level atomic transitions, multiple
transitions are required to represent the effects of Pauli blocking [1]. Cascaded-transition quantum cascade lasers
are designed with two lasing transitions to operate at longer wavelengths [2, 3]. Additionally, for both rotationally
excited gases and semiconductor media the carriers are allowed to diffuse through the cavity, an effect that is not
addressed in the Maxwell-Bloch equations [4].
In this poster we derive and test a substantial
generalization of Steady-State Ab Initio Laser Theory (SALT) to treat such complex gain media [5].
0.4
0.4
0.3
This generalized theory is able to treat atomic and
0.2
molecular gain media with diffusion and multiple las0.1
0.3
ing transitions, and semiconductor gain media in the
0.0
36
38
40
42
free carrier approximation including fully the effect
of Pauli blocking. The key assumption of the the0.2
ory is stationary level populations, which leads to
coupled self-consistent equations for the level popula0.1
tions and lasing modes in the presence of spatial holeburning. These equations can be solved efficiently for
0.0
the steady-state properties by a similar non-linear it0.0010 0.0015 0.0020 0.0025 0.0030 0.0035 0.0040
eration procedure as in previous versions of SALT,
in which only the modal equations need be solved
self-consistently. The theory is tested by comparison
to much less efficient Finite Difference Time Domain
FIG. 1: Plot of modal intensities as a function of pump
(FDTD) methods and excellent agreement is found,
strength for a cavity with n = 1.5 and a gain medium consistas shown in Fig. 1. Using the generalization to ining of atoms with two different atomic transitions, ωa,1 = 40,
clude gain diffusion, the transition is demonstrated
ωa,2 = 38 and 6 atomic levels in total, with decay rates as
indicated in the schematic. Results from SALT using the stabetween the regime of strong spatial hole burning with
tionary population approximation are shown as straight lines,
multimode lasing, to the regime of negligible spatial
results from FDTD simulations are shown as triangles. The difhole burning, gain-clamping, and single mode lasing.
ferent colors indicate different modes. Inset shows the modal
The effect of spatially inhomogeneous pumping comfrequencies and their intensities at P = .0035 with the gain
bined with diffusion is also evaluated and a relevant
curves of both lasing transitions shown behind. All values are
length scale for spatial inhomogeneity to persist is
reported in units of c/L.
determined. For the semiconductor gain model, the
frequency shift with pump due to Paul blocking is
demonstrated.

[1] Y. Huang and S. Ho, “Computational model of solid-state, molecular, or atomic media for FDTD simulation based
on a multi-level multi-electron system governed by Pauli exclusion and Fermi-Dirac thermalization with application to
semiconductor photonics,” Opt. Express 14, 3569-3587 (2006).
[2] C. Sirtori, A. Tredicucci, F. Capasso, J. Faist, D. L. Sivco, A. L. Hutchinson, and A. Y. Cho, “Dual-wavelength emission
from optically cascaded intersubband transitions,” Opt. Lett. 23, 463-465 (1998).
[3] X. Huang, J. L. Zhang, V. Tokranov, S. Oktyabrsky, and C. F. Gmachl, “Same-wavelength cascaded-transition Quantum
Cascade laser,” in submission.
[4] S. Chua, C. A. Caccamise, D. J. Phillips, J. D. Joannopoulos, M. Soljac̆ić, H. O. Everitt, and J. Bravo-Abad, “Spatiotemporal theory of lasing action in optically-pumped rotationally excited molecular gases,” Opt. Express 19, 7513-7529
(2011).
[5] H. E. Türeci, A. D. Stone, and B. Collier, “Self-consistent multimode lasing theory for complex or random lasing media,”
Phys. Rev. A 74, 043822 (2006).
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Label-Free Monitoring of Cancer Cell Response to
Chemotherapy Drugs Using Raman Spectroscopy
a

James Chana,b
NSF Center for Biophotonics Science and Technology, University of California, Davis
b
Department of Pathology and Laboratory Medicine, University of California, Davis

Raman spectroscopy has being increasingly used for the analysis of biological specimens
because of its unique ability to acquire information of their molecular content at the subcellular
level without requiring exogenous labels, extensive sample preparation, or sample perturbation
and destruction1. The ability to use the intrinsic Raman fingerprint of cells to identify different
cell phenotypes, such as cancerous and normal cells or different strains of bacteria cells, has been
demonstrated. In addition to cell identification and discrimination, another attractive application
of Raman spectroscopy is in monitoring cell dynamics since the Raman signals, unlike
traditional fluorescence signals from exogenous dyes, do not photobleach.
Recent efforts in our laboratory
	
  
	
  
have focused on applying
Raman
spectroscopy
and Drug
treatment
microscopy to study the cellular
response of cancer cells to
chemotherapy drugs2. This
	
  
	
  
	
  
	
  
research is motivated by the
Chromatin
condensation
need for new single cell
analytical methods that can
accurately predict the behavior
Membrane
	
  
of cells to different drugs for
	
  
blebbing
drug screening and discovery,
patient treatment monitoring,
Apoptotic body
and pharmacokinetics studies.
formation
Using laser tweezers Raman
spectroscopy (LTRS)3 and line Figure 1. The changes in the Raman spectra that occur after exposing cells
scan Raman imaging systems in to doxorubicin are consistent with the different phases of apoptosis.
our lab, we have studied the
biochemical response of T lymphocytes to the cancer drug doxorubicin. We have investigated
the Raman spectral changes that occur as a function of exposure time and drug concentration and
have quantified the cell-to-cell reproducibility and the classification sensitivity and specificity of
the Raman results. In addition, we are studying the effects of using local (subcellular) and global
(total cell) Raman fingerprints on the detection sensitivity for monitoring drug induced cellular
changes. Our findings indicate that local and global Raman fingerprints provide different
information about the biochemical changes happening in a cell. These changes can be
overlooked when relying on only one or the other. These results have important ramifications on
the future implementation of Raman spectroscopy for single cell applications.
[1] Chan et al., Laser Photonics Rev, 2 (5), 325-349 (2008)
[2] Moritz et al., Biomedical Optics Express, 1 (4), 1138-1147 (2010)
[3] Chan et al., J. Biophotonics, 6 (1), 36-48 (2013)
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Single-mode source of bright squeezed vacuum
Maria Chekhova, Angela Perez, Timur Iskhakov, Gerd Leuchs
Max-Planck Institute for the Science of Light, G.-Scharowsky Str. 1/ Building 24, 91058 Erlangen,
Germany
Bright squeezed vacuum (BSV) can be obtained at the output of a high-gain traveling-wave
optical parametric amplifier with the vacuum at the input. Without any special efforts, it is multimode
both spatially and temporally. This means it comes as not Fourier-limited pulses and not diffractionlimited beams. At the same time, what theory describes well and what is required for most applications
is single-mode BSV. Here we demonstrate how a spatially single-mode source can be created.
The idea is to make a parametric amplifier of
1st crystal
2nd crystal
two spatially separated crystals (Fig.1). Because
amplification
amplification in the second crystal only occurs within
the pump beam waist, the angular spectrum gets
pump
narrower at larger separation. This leads to the
reduction in the number of spatial modes – ideally, to a
single-mode beam as the crystals get more and more
separated. In order to observe this, one can measure the
second-order intensity auto-correlation function g(2). Its
value depends on the number of transverse modes mT
and longitudinal modes m L as g

( 2)

(2)
1
g SM
1
,
mT m L

( 2)
where g SM
is the single-mode value [1]. The plot in

Fig.1 shows a general increase in g ( 2 ) as well as an
oscillating pattern due to the interference between the
radiation from the first and the second crystals. The
frequency spectrum is filtered using a monochromator.
Fig.1. Separated crystals (top) as a source of
spatially single-mode SV. The plot shows the
2nd-order intensity autocorrelation function
g(2) versus the crystals separation. At large
separation, g(2) should approach the singlemode value of 2..The difference is caused by
the insufficient frequency mode selection.

( 2)
As g SM
 2 and the number of longitudinal modes is
m L  1.25 , at a separation of 10.5 cm we achieve
mT  1.1 spatial modes. At larger separations, g ( 2 ) is

reduced due to the inefficient population of the first
Schmidt mode [2].
In a similar way, one can create a temporally
single-mode source of BSV.
This work was supported by the FP7 EU program, project BRISQ2.

1. T. Sh. Iskhakov, A. M. Perez, K. Yu. Spasibko, M. V. Chekhova, G. Leuchs, Optics Letters 37, 1919
(2012).
2. A. M. Perez, T. Sh. Iskhakov, P.Sharapova, O.V.Tikhonova, M. V. Chekhova, G. Leuchs, to be
submitted (2013)
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All-Optical Switch and Transistor
Gated by One Stored Photon
Wenlan Chen, Kristin M. Beck, Robert Bücker, Michael Gullans,
Mikhail D. Lukin, Haruka Tanji-Suzuki, Vladan Vuletić
Department of Physics and Research Laboratory of Electronics,
Massachusetts Institute of Technology, Cambridge, MA 02139

The realization of an all-optical transistor, in which one “gate” photon controls a “source” light beam,
is a long-standing goal in optics. By slowing and stopping a light pulse in an atomic ensemble
contained inside an optical resonator, we realized a device in which one stored gate photon controls the
resonator transmission and reflection of subsequently applied source photons [1].
We test this device by sending a weak coherent gate pulse and measuring the induced bimodal
transmission distribution of source photons. This showed that one stored gate photon produces fivefold
attenuation of the source photons. More than 500 source photons can be switched by just one stored
gate photon in this transistor. If only a few source photons are used, the stored gate photon can be
retrieved for further processing.
With improved storage and retrieval efficiency, this scheme may enable various new applications,
including photonic quantum gates and quantum non-demolition (QND) measurement of traveling
photons. I will also report our recent progress toward QND measurement.
In the setup (Fig. A), we first
stored a gate photon in the
atomic ensemble, which
corresponds to a collective
atomic excitation to state |s〉
(Fig. B). This collective
excitation blocks the
transmission of source
photons through the cavity
(Fig. C) and can be retrieved
into its original mode (Fig.
D). Retrieved gate and
transmitted source photons are measured with photon counters Dg and Ds, respectively in Fig. A.
______________________________________
[1] W. Chen et al., Science 341, 768 (2013), doi: 10.1126/science.1238169
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Label-free Spectroscopic Imaging: From Physics to Medicine
Ji-Xin Cheng, Ph.D., Professor
Purdue University, West Lafayette, IN 47907, USA
Label-free spectroscopic imaging using intrinsic molecular signals is opening a new window for
watching biomolecules and nanomaterials in live cells and even inside the human body. Major
advances have been made to allow real time vibrational imaging of cellular processes,
extraction of information from the crowded fingerprint bands of a biological system, and
chemical imaging of a tissue that is a few centimeters deep under the surface. I will present our
most recent advances in both development and applications of spectroscopic imaging platforms,
including bond-selective imaging of deep tissue by acoustic detection of harmonic molecular
vibration [1], study of cholesterol metabolism in prostate cancer by Raman spectromicroscopy
[2], and super-resolution imaging of nanomaterials by transient absorption microscopy [3].
[1] Han-Wei Wang Ning Chai, Pu Wang, Song Hu, Wei Dou, David Umulis, Lihong V. Wang,
Michael Sturek, Robert Lucht, Ji-Xin Cheng*, “Label-free bond-selective imaging by listening to
vibrationally excited molecules”, Phys Rev Lett, 2011, 106: 238106.
[2] Shuhua Yue et al, Altered cholesterol metabolism: new avenue to diagnosis and treatment of
human prostate cancer, Cell Metabolism, 2013, under review.
[3] Pu Wang, Mikhail N. Slipchenko, James Mitchell, Chen Yang, Eric O. Potma, Xianfan Xu, JiXin Cheng*, “Far-field imaging of non-fluorescent species with sub-diffraction resolution”, Nature
Photonics, 2013, 7(6): 449-453.
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S-matrix Theory of the Laser Linewidth
Y. D. Chong1 , Jason Pillay1 , Natsume Yuki1 , and A. Douglas Stone2
1

Nanyang Technological University, Singapore
2
Yale University, USA

Generalized decay rate at threshold

We present a theoretical relation between the classical scattering matrix (S-matrix) of a
spatially complex laser cavity and its quantum-limited linewidth1 . This theory can account
for arbitrary cavity geometries, spatially non-uniform dielectric and gain distributions, and
spatial hole-burning due to above-threshold operation. In simple cavities, such as 1D Fabry
Pérot cavities, the Schawlow-Townes linewidth formula2 is reproduced, together with several
well-known corrections: (i) a linewidth-broadening factor due to incomplete inversion, (ii) the
Petermann factor3,4 , which accounts for the broadening of the linewidth due to mode nonorthogonality, and (iii) the “bad-cavity” factor5,6 , a narrowing of the linewidth which occurs
as the gain width becomes small relative to the cavity finesse.
For the simple case of a one-port 1D Fabry
Pérot cavity, the S-matrix theory gives a
0. 8
(a)
novel geometric explanation for the Petermann and bad-cavity factors. Each fac0. 6
tor can be derived quantitatively from ge0. 4
ometric relations between the S-matrix’s
Gain
poles and zeros in the complex frequency
0. 2
plane. The bad-cavity factor, for instance,
0
arises from the fact that a finite gain width
0. 8
(b)
medium shifts the zero frequencies upward
0. 6
by less than the pole frequencies.
In previous theoretical treatments, the Pe0. 4
termann and bad-cavity factors were treated
S-matrix theory
0. 2
as independent quantities. Using the SIndependent Petermann
and bad-cavity factors
matrix theory, we show that this indepen0
1. 5
0
0. 5
2. 5
3
1
2
dence assumption can break down in comGain width
plex laser cavities when line-pulling is nonnegligible, as shown in Fig. 1. We have also
FIG. 1: Generalized decay rates (cavity decay rate modified
found similar deviations for lasers operatby Petermann and bad-cavity effects) versus gain width, for
a partially-pumped non-uniform laser (inset) at threshold.
ing far above threshold, where spatial holeTwo different gain centers are shown: (a) ωa = 100.3/L,
burning is strong. The S-matrix theory may
with negligible line-pulling and (b) ωa = 99.6/L, with strong
thus be useful for studying complex lasers
line-pulling. Blue circles: predictions of the S-matrix theory.
Red line: traditional predictions, treating the Petermann
with narrow gain widths, such as superradifactor7 and bad-cavity factor as independent.
ant lasers8 .

1
2
3
4
5

6
7
8

Y. D. Chong and A. D. Stone, Phys. Rev. Lett. 109, 063902 (2012).
A. L. Schawlow and C. H. Townes, Phys. Rev. 112 1940 (1958).
K. Petermann, IEEE J. Quant. Elect. 15, 566 (1979).
H. Haus and S. Kawakami, IEEE J. Quant. Elect. 21, 63 (1985).
M. Lax, in Physics of Quantum Electronics, edited by P. L. Kelley, B. Lax, and P. E. Tannenwald (McGraw-Hill, New
York, 1966).
M. P. van Exter, S. J. M. Kuppens, and J. P. Woerdman, Phys. Rev. A 51, 809 (1995).
H. Schomerus, Phys. Rev. A 79, 061801(R) (2009).
J. G. Bohnet et al., Nature 484, 78 (2012).
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Speaker: Kent D. Choquette
Session: Nanophotonic and laser physics
Schedule: Tuesday Morning Invited Session 1

Optical Phased Microcavity Laser Arrays
Matthew T. Johnson1, Dominic F. Siriani2 and Kent D. Choquette
University of Illinois, Urbana, IL 61820
1
United States Air Force and 2MIT Lincoln Laboratories, Lexington, MA
Coherently coupled vertical cavity surface emitting laser (VCSEL) arrays have the potential for ultra-compact beam steering [1]
and high brightness sources, both of which are critical components for emerging photonic capabilities. Phased VCSEL arrays also
offer the possibility of compact high efficiency laser sources producing novel optical beams, such as orbital angular momentum
(OAM) beams [2] that are presently being explored for spatial division multiplexing for increased bandwidth. Beam steering with
phased arrays is accomplished by introducing a relative phase shift between array elements, which for VCSEL arrays is implemented
by adjusting the current injection to the elements [1]. We have recently demonstrated that phased VCSEL arrays rely on a
fundamentally different phase-shifting mechanism. From coupled mode theory, the variation of frequency between two neighboring
elements is found as [3]:
⎡ ⎛X
⎤
⎛X
X ⎞
X ⎞
Δω = −κ ⎢α ⎜ 1 + 2 ⎟ sin φ1 − φ2 + Ψ + ⎜ 1 – 2 ⎟ cos φ1 − φ2 + Ψ ⎥
X
X
X
X
⎝ 2
⎢⎣ ⎝ 2
1⎠
1⎠
⎦⎥

(

)

(

)

where κ is the coupling strength between elements, α the linewidth enhancement factor, Ψ the constant coupling phase (0 for inphase arrays, π for out-of-phase), Xm the normalized field amplitude, and φm the phase for a two-element array where m = 1(2).

Fig. 1. Far Field profiles of 2x1 coupled VCSEL arrays with (a) Ψ = π and (b) Ψ = 3π/2; (c) peak wavelengths measured (circles) compared to
theory (crosses). The current and wavelength of the Ψ = 3π/2 array are offset by +0.4 mA and +1.5 nm.

Coherently coupled 2x1 VCSEL arrays are examined where the current injection into each element is varied [6]. The arrays are
coherently coupled when the difference between their native resonance frequencies, Δω, falls within an injection locking range which
corresponds to a range of varying injection current. Outside of this range, the elements are assumed to operate independently at their
native resonances. The far field profiles from these arrays are shown at varying current differences between the elements in Fig. 1 (a)
and (b). In Fig. 1(c) we show the measured phase difference and lasing emission wavelength. A relatively linear variation of both
cavity resonances is shown in agreement with dynamic coupled mode theory.

Fig. 2: 6 element phased VCSEL array with each element varying by 60°; (a) top view; (b) near field electric field; (c) far field angular profile
showing on axis null and central ring with < 3° divergence; and (d) far field phase showing spiral orientation.

Shown in Fig. 2 is a simulated 6 element VCSEL array where each element is biased with a 60° phase differnce between
neighboring elements. Propagating the near field electric field distribution in Fig. 2(a) to the far field yields real part of the far field
shown in Fig. 2(b) and the phase of the electric field is shown in Fig. 2(c). Note the null on-axis in the far field which is characteristic
of an optical vortex, whereas the beam divergence is less than 6° divergence; note also the spiral orientation is characteristic of an
orbital angular momentum beam [2].
References
[1] M. T. Johnson, D. F. Siriani, M. P. Tan, and K. D. Choquette, J. Sel. Topic Quan. Electron., 19, 1701006 (2013).
[2] N. Bozinovic, Y. Yue, Y Ren, M. Tur, P. Kristsen, H. Huang, A. Wilner, and S. Ramachandran, Sci. 340, pp. 1545 (2013).
[3] M. T. Johnson, D. F. Siriani, M. P. Tan, and K. D. Choquette, Appl. Phys. Lett. Appl. Phys. Lett. 103, 201115 (2013).
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Speaker: Weng Chow
Session: Frontiers of micro- and nanolasers
Schedule: Tuesday Morning Invited Session 2

Emission properties from nanolasers during transition to lasing.
Weng Chow, Sandia National Laboratories, Albuquerque, New Mexico.
The emission characteristics of nanolasers are investigated, using a fully quantized
laser theory. The active medium is treated as consisting of inhomogeneouslybroadened semiconductor quantum dots embedded in a quantum well.
Threshold behaviors, in terms of intracavity intensity, coherence time and second
order correlation function are computed during nonlasing to lasing transition.
Comparisons are made between a conventional nanolaser configuration and
when approaching unity-spontaneous-emission-factor or few-quantum-dot
situations. A motivation for the study is to contribute to discussions involving
recent nanolaser experiments, in particular, those relating to thresholdless lasing.
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Rapid	
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  Raman	
  Spectroscopic	
  Fingerprint	
  Imaging	
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Abstract	
  
	
  
Raman	
  spectroscopy	
  is	
  a	
  powerful	
  technique	
  for	
  label-‐free	
  identification	
  of	
  chemical	
  
species	
  within	
  biological	
  samples.	
  Spontaneous	
  Raman	
  scattering	
  has	
  been	
  extensively	
  
applied	
  to	
  a	
  variety	
  of	
  tissues	
  types	
  and	
  pathologies,	
  but	
  with	
  typical	
  spectral	
  acquisition	
  
times	
  of	
  (0.1	
  to	
  10)	
  s,	
  it	
  is	
  not	
  a	
  practical	
  method	
  for	
  imaging.	
  	
  
Broadband	
  coherent	
  anti-‐Stokes	
  Raman	
  scattering	
  (BCARS)	
  provides	
  signal	
  over	
  the	
  
full	
  Raman	
  spectrum	
  of	
  interest,	
  including	
  the	
  typically	
  weak	
  Raman	
  “fingerprint”	
  region,	
  
which	
  is	
  important	
  for	
  chemical	
  discrimination,	
  and	
  has	
  done	
  so	
  at	
  speeds	
  50X	
  faster	
  than	
  
spontaneous	
  Raman,	
  making	
  imaging	
  practical.	
  We	
  have	
  recently	
  built	
  a	
  new	
  BCARS	
  
instrument	
  that	
  exhibits	
  an	
  unprecedented	
  combination	
  of	
  speed,	
  sensitivity,	
  and	
  chemical	
  
selectivity.	
  The	
  system	
  obtains	
  Raman	
  ~20X	
  faster	
  than	
  previous	
  BCARS	
  instruments,	
  (>	
  
1000	
  times	
  faster	
  than	
  spontaneous	
  Raman	
  methods),	
  with	
  very	
  good	
  spectral	
  quality.	
  
(The	
  images	
  below	
  were	
  obtained	
  in	
  2	
  minutes.)	
  I	
  will	
  discuss	
  innovations	
  that	
  have	
  
facilitated	
  recent	
  progress,	
  and	
  some	
  applications.	
  	
  
	
  
	
  

	
  

(left)	
  BCARS	
  image	
  from	
  healthy	
  murine	
  liver.	
  	
  
Collagen,	
  DNA,	
  and	
  general	
  protein	
  are	
  shown,	
  
but	
  elastin,	
  and	
  other	
  structural	
  proteins	
  can	
  
also	
  be	
  highlighted	
  based	
  on	
  the	
  Raman	
  spectra.	
  
(right)	
  Same	
  sample,	
  intrinsic	
  2-‐photon	
  
fluorescence	
  image	
  and	
  second	
  harmonic	
  
generation	
  image,	
  highlighting	
  elastin	
  and	
  
collagen,	
  respectively.	
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The	
  BCARS	
  image	
  above	
  of	
  glioblastoma	
  
in	
  a	
  mouse,	
  required	
  no	
  staining,	
  but	
  
provides	
  chemical	
  sensitivity	
  sufficient	
  
to	
  identify	
  accumulations	
  of	
  DNA,	
  red	
  
blood	
  cells,	
  structural	
  proteins	
  of	
  various	
  
types,	
  accumulated	
  metabolites,	
  and	
  
much	
  more.	
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Speaker: Cristian Ciracı̀
Session: Frontiers in Plasmonics: Nonlinear Effects
Schedule: Tuesday Morning Invited Session 2

Dramatic Enhancement of Third-Harmonic Generation in
Plasmonic Nanostructures via Nonlocal Effects
Cristian Ciracı̀1 , Michael Scalora2 , and David R. Smith1
1

Center for Metamaterials and Integrated Plasmonics, and Departement of Electrical and
Computer Engineering, Duke University, Durham NC 27708, U.S.
2
C.M. Bowden Research Facility, US Army, RDECOM, Redstone Arsenal, AL 35803, U.S.

THG Normalized Efficiency

Large optical nonlinearities are critical to photonic technologies. The exploitation of nonlinear processes at low
l
Ag
power levels, and in highly integrated formats, requires
g
NW
materials with large nonlinear susceptibilities in configu200 nm
rations that offer efficient nonlinear conversion. Metals
|E|
have long been recognized as compelling candidates for
Λ
nonlinear materials, as they possess nonlinear susceptibilities that are orders of magnitude larger than dielectric
materials, and support surface plasmon modes that allow
the light to become strongly confined and enhanced in
deeply sub-wavelength volumes.
Classical nonlocality in conducting nanostructures has
been shown to dramatically alter the linear optical response, for example placing a fundamental limit on the
maximum field enhancement that can be achieved[1].
This limit directly extends to all nonlinear processes,
which depend on field amplitudes.
local
We numerically demonstrate a regime in which nonnonlocal
locality can, in contrast, dramatically enhance the nonlinear optical response by several order of magnitude.
As an illustration, we numerically investigate the process of third-harmonic generation in metal film-coupled Figure 1: Film-coupled nanowire
nanowires as depicted in Figure 1, showing that the im- structure and its filed distribution.
pact of nonlocality is to enhance the effective nonlinear The plot shows the enhancement of
the normalized THG efficiency when
susceptibility up to 400 times over that obtained assum- the nonlocal response is taken into acing a purely local response (see Figure 1).
count, in contrast to a purely local deWe show that the effective χ(3) depends on the spacing scription.
between the nanowire and the metal substrate, making
the film-coupled nanowire a flexible platform for experimental confirmation. Our findings
show a route to obtain efficient nonlinear processes that exceed other approaches by several
orders of magnitude.
References
[1] C. Ciracı̀ et al., Science 337, 1072 (2012).
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Session: New Directions in Photonic Microwave Synthesis
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SPEAKER : Yann LE COQ (LNE-SYRTE)
SESSION : New Directions in Photonic Microwave Synthesis

Novel techniques for low noise microwave generation
with optical frequency combs
Low phase noise microwave signals are of prime importance for a variety of applications, from radar and
telecommunication to synchronization of large instruments (VLBI, FEL,...) and time-keeping primary frequency
standards. By phase locking a self-references optical frequency comb (OFC) to a state-of-the-art umtra-stable
laser, and photo-detection the train of pulses of the femtosecond laser that lies at the heart of the frequency
comb, one establishes a phase coherent link between the optics and microwave. The photo-generated microwave
signal's phase is a frequency down-converted copy of that of the ultra-stable laser with, in the ideal mathematics
case a noise strongly reduced (-86dB for a transfer between a 200THz continuous laser and a 10GHz microwave
signal). The excess noise that is inevitably added by the OFC-based transfer can be made very small by applying
several techniques that I will be describing in this presentation.
1) A fiber-based OFC with an intra-cavity electro-optic modulator can exhibit a large feed-back bandwidth
enabling the free-running OFC noise to be negligible of other parameters that may limit the microwave phase
noise
2) Magic point operating point in fast InGaAs pin photo-detector can be found and used to make the microwave
phase immune to amplitude fluctuation of the laser that otherwise is a strong limitation factor of the
photo-detection technique.
3) High linearity photo-detector and pulse repetition rate multiplier (PRRM) allow for larger microwave signals
achievable, which, in turn, lowers the white phase noise plateau of the generated microwave signal.
4) Combining PRRM with dual photo-detection allows for low sensitivity of the magic point operation
(vanishing amplitude-phase conversion).
5) Transfer of spectral purity from one cw laser to another one operating at a different wavelength allows to use
the best optical ultra-stable reference available to realize low phase noise microwave generation. We recently
demonstrated a limit of such transfer as low as 3x10-18 at 1s integration time (see figure).

Figure :
stability
(modified
Allan
deviation)
of a transfer of spectral purity experiment
between a laser at 1µm and one at 1.5µm. The
green curve is representative of a more simple
low-quality setup.

Although the combination of all the said technique is still a work under progress, each has been experimentally
demonstrated to be a valid approach. Excess phase noise, at 1Hz from a 12GHz carrier as low as -120dBc/Hz
were demonstrated [1]. Phase noise as low as -150dBc/Hz at Fourier frequencies higher than 1kHz are now
routinely realized for the same carrier frequency, with high Fourier frequency plateau in the -160dBc/Hz range
[2]. This OFC-based technique is therefore an extremely promising research path for extremely low phase noise
microwave signal generation.
[1] Zhang et al. Applied Physics Letters 96, 211105 (2010)
[2] Haboucha et al. Optics Letters 36, 3654 (2011)
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Speaker: Peter J. Delfyett
Session: New Directions in Photonic Microwave Synthesis
Schedule: Monday Morning Invited Session 2

Coherent Optical Signal Processing and Low Noise Microwave Generation using
Stabilized Optical Frequency Combs from Mode-locked Semiconductor Diode Lasers
Peter J. Delfyett, J Davila-Rodriguez, T. Klee, K. Bagnell, S. Bhooplapur, M. Bagnell
CREOL, The College of Optics & Photonics, University of Central Florida
The development of high speed communications, interconnects and signal processing are critical
for an information based economy. Lightwave technologies offer the promise of high
bandwidth connectivity from component development that is manufacturable, cost effective,
and electrically efficient. The concept of optical frequency/wavelength division multiplexing has
revolutionized methods of optical communications, however the development of optical
systems using 100’s of wavelengths present challenges for network planners. The development
of compact, efficient optical sources capable of generating a multiplicity of optical
frequencies/wavelength channels from a single device could potentially simplify the operation
and management of high capacity optical interconnects and links. Over the years, we have
been developing mode-locked semiconductor lasers to emit ultrashort optical pulses at high
pulse repetition frequencies for a wide variety of applications, but geared toward optical
communications using time division multiplexed optical links. The periodic nature of optical
pulse generation from mode-locked semiconductor diode lasers also make these devices ideal
candidates for the generation of high quality optical frequency combs, or multiple wavelengths,
in addition to the temporally stable, high peak intensity optical pulses that one is accustomed to.
The optical frequency combs enables a variety of optical communication and microwave
photonic signal processing applications that can exploit the large bandwidth and speed that
femtosecond pulse generation implies, however the aggregate speed and bandwidth can be
achieved by spectrally channelizing the bandwidth, and utilize lower speed electronics for
control of the individual spectral components of the mode-locked laser. This presentation will
highlight our recent results in the generation of stabilized frequency combs, and in developing
approaches for filtering, modulating and detecting individual comb components [1,2]. We then
show how these technologies can be applied in microwave photonic signal processing
applications such as arbitrary waveform generation, arbitrary waveform measurement, laser
radar and matched filtering for pattern recognition.

Fig. 1. Schematic diagram of frequency comb source.

Fig. 2: Communications and signal processing enabled by
frequency combs.

1. “Advanced Ultrafast Technologies based on Optical Frequency Combs”, P. J. Delfyett, I. Ozdur, N. Hoghooghi, J. Davila-Rodriguez,
M. Akbulet, S. Bhooplapur, Selected Topics in Quantum Electronics, IEEE Journal of Volume: 18 , Issue: 1 , pp. 258 – 274 (2012) .
2.“Frequency stability on a 10 GHz optical frequency comb from a semiconductor based mode-locked laser with an intra-cavity
10,000 finesse etalon”, J. Davila-Rodriguez, P. J. Delfyett, Optics Letters Vol. 38, Issue 18, pp. 3665–3668 (2013).
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Simulating relativistic motion in superconducting circuits:
Dynamic Casimir effect and the twin paradox
P Delsinga, C.M. Wilsonb, J. Lindkvista, M. Simoena, A. Pourkarbiriana, I.M. Svenssona, C. Sabinc,
I. Fuentesc, A. Dragand, T. Dutye, J.R. Johanssonf, F. Norif, G. Johanssona
a

Microtechnology and Nanoscience, Chalmers University of Technology, 412 96 Göteborg, Sweden
Electrical and Computer Engineering Department, University of Waterloo, Waterloo N2L 3G1, Canada
c
School of Mathematical Sciences, University of Nottingham, University Park, Nottingham NG7 2RD, UK
d
Institute of Theoretical Physics, University of Warsaw, Hoża 69, 00-049 Warsaw, Poland
e
University of New South Wales, Sydney, New South Wales 2052, Australia
f
Advanced Science Institute, RIKEN, Wako-shi, Saitama 351-0198, Japan
b

Relativistic motion is hard to achieve for massive objects. However, it is possible to simulate a
relativistically moving mirror in a superconducting circuit. With microwave frequencies around 5GHz
and at temperatures below 50mK, we can study relativistic physics on a microchip with a quantized
electromagnetic field.
A Superconducting Quantum Interference Device (SQUID) can act as a parametric inductance and if it
is placed at the end of a transmission line, a flux tuned SQUID can modulate the electrical length of
that transmission line. This has precisely the same effect as a movable mirror. When the SQUID is
being pumped with a rapidly oscillating flux, the electrical length changes very fast. The
electromagnetic field inside the transmission line experiences a boundary condition which is moving at
relativistic speeds. In experiments we obtained speeds up to 25% of the speed of light. This relativistic
motion parametrically generates microwave photons out of quantum vacuum fluctuations (Fig.1). We
have used this to demonstrate the Dynamical Casimir Effect (DCE).1
Placing one SQUID at each end of a 1D microwave transmission-line resonator (Fig. 2), we can
dynamically control the boundary conditions for the electromagnetic field in the cavity. By ultrafast
modulation of the individual magnetic field of each SQUID, it is possible to simulate arbitrary mirror
trajectories at relativistic velocities. In particular, we propose2 to realize the trajectories of the twin
paradox. Initializing the field inside the cavity in a coherent state, the phase of this state can be used as
the pointer of a clock, which can be compared with a clock at rest. Preliminary estimates show that the
difference in measured time due to time dilation should be measurable.
1

C.M. Wilson, G. Johansson, A. Pourkabirian, M. Simoen, J.R. Johansson, T. Duty, F. Nori, P. Delsing, Nature 479, 376 (2011).
J. Lindkvist, C. Sabin, I. Fuentes, A. Dragan I.M. Svensson P. Delsing, G. Johansson, Preprint (2013)

2

Fig.1	
  Cartoon	
  of	
  the	
  dynamical	
  Casimir	
  experiment.	
  Above	
  
is	
   the	
   moving	
   mirror	
   and	
   the	
   pairwise	
   generated	
   photons.	
  
Below	
  is	
  the	
  SQUID	
  inserted	
  in	
  the	
  center	
  strip	
  of	
  a	
  coplanar	
  
transmission	
  line.	
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Fig	
  2:	
  Microscope	
  image	
  of	
  a	
  chip	
  with	
  the	
  device	
  for	
  the	
  
twin	
   paradox	
   experiment.	
   The	
   resonator,	
   feed	
   lines,	
   and	
  
ground	
  planes	
  are	
  made	
  of	
  sputtered	
  niobium	
  on	
  sapphire;	
  
the	
   SQUID	
   (upper	
   inset)	
   is	
   made	
   of	
   evaporated	
   aluminum.	
  
Lower	
   inset:	
   coupling	
   capacitance	
   used	
   to	
   read	
   out	
   the	
  
phase	
  of	
  the	
  resonator.	
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Speaker: Hilmi Volkan Demir
Session: Optically Active Nanostructures and Related Applications
Schedule: Thursday Morning Invited Session 2

Nanocrystal Optoelectronics for Quality Lighting and Displays
Hilmi Volkan Demir
LUMINOUS! NTU Singapore and Bilkent University, Turkey
hvdemir@ntu.edu.sg and volkan@bilkent.edu.tr

To combat environmental issues, combined with the energy problem of limited resources,
innovating fundamentally new ways of raising energy efficiency is essential. Today achieving
lighting efficiency is an important key because artificial lighting is predicted to consume about one
fifth of global energy generation. There is a large room for improving energy utilization of lighting.
However, the scientific challenge is to reach simultaneously high-quality photometric
1
performance. To address these and related problems, we developed and demonstrated colorconversion lighting-emitting diodes integrating semiconductor colloidal quantum dots, also known
as nanocrystals, for high-photometric quality and those enhanced using exciton-exciton
2-4
coupling. We studied intrinsic performance limits and fundamental lighting tradeoffs of such
5,6
narrow-emitter quantum dots. Also, we demonstrated eco-friendly nanocrystals tunable across
the entire visible, their flexible large-area freestanding sheets, and those wrapped in
7-9
macrocrystals for lighting and display applications.
We showed anisotropic and narrowed
emission spectra of nanocrystals, which is important for future display technologies, enabled by
10-12
plasmon-exciton coupling and selective exciton-plasmon-exciton coupling.
Additionally, we
obtained new integration strategies of these colloidal quantum dots using smart linkers for
13,14
directed functional self-assembly.
These new proof-of-concept demonstrations and findings
indicate that nanocrystals hold great promise for quality lighting and displays.

(a)

(b)

(c)

(d)

	
  
Figure	
  1.	
  	
  Freestanding	
  nanocrystal	
  sheets	
  (a)	
  under	
  room	
  light	
  and	
  (b)	
  under	
  UV	
  illumination	
  along	
  
with	
   a	
   scanned	
   electron	
   microscopy	
   of	
   the	
   nanocrystals	
   in	
   the	
   membrane	
   (inset).	
   Microcrystal	
  
powders	
   embedded	
   with	
   nanocrystals	
   (c).	
   Exemplary	
   high-‐performance	
   LED	
   platform	
   with	
  
nanocrystal	
  film,	
  shown	
  together	
  with	
  a	
  transmission	
  electron	
  microscopy	
  image	
  of	
  the	
  nanocrystal	
  
used	
  in	
  the	
  solid	
  film	
  (inset).	
  
1

H.V.Demir, et al., Nano Today 6, 632 (2011).
T.Erdem and H.V.Demir, Nature Photonics 5, 126 (2011).
3
S.Nizamoglu, et al., Applied Physics Letters 92, 031102 (2008).
4
S.Nizamoglu and H.V.Demir, Applied Physics Letters 95, 151111 (2009).	
  
5
T.Erdem, et al., Optics Express 20, 3275 (2012).
6
S.Nizamoglu, et al., Optics Letters 35, 20, 3372-3374 (2010).
7
X.Yang, et al., Advanced Materials 24, 4180–4185 (2012).
8
E.Mutlugün, et al., Nano Letters 12, 3986 (2012).
9
T. Otto, et al. Nano Letters 12, 5348 (2012).
10
T. Ozel, et al., ACS Nano 5, 1328 (2011).
11
I. M. Soganci, et al., Optics Express 15, 14289 (2007).
12
T. Ozel, et al., Nano Letters 13, 3065 (2013).
13
U.O.S.Seker, et al., Nano Letters 11, 1530 (2011).
14
H. V. Demir, et al., ACS Nano 5, 2735 (2011).
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Speaker: Lu Deng
Session: Novel Optics
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PQE14 Abstract
Light-Wave Mixing and Scattering with Quantum Gases
L. Deng
NIST, Gaithersburg 20899 USA

Abstract

We show that optical processes originating from elementary excitations with dominant collective
atomic recoil motion in a quantum gas can profoundly change many nonlinear optical processes
routinely observed in a normal gas. Not only multi-photon wave mixing processes all become
stimulated Raman or hyper-Raman in nature but the usual forward wave-mixing process, which
is the most efficient process in normal gases, is strongly reduced by the condensate structure
factor. On the other hand, in the backward direction the Bogoliubov dispersion automatically
compensates the optical-wave phase mismatch, resulting in efficient backward light field
generation that usually is not supported in normal gases.
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Photonic generation of ultrastable microwave signals
Scott	
  Diddams1,	
  Franklyn	
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The	
  use	
  and	
  manipulation	
  of	
  optical	
  fields	
  allows	
  one	
  to	
  address	
  challenging	
  problems	
  that	
  
have	
  traditionally	
  been	
  approached	
  with	
  microwave	
  electronics.	
  	
  Some	
  examples	
  that	
  
benefit	
  from	
  the	
  low	
  transmission	
  loss,	
  agile	
  modulation	
  and	
  large	
  bandwidths	
  accessible	
  
with	
  coherent	
  optical	
  systems	
  include	
  signal	
  distribution,	
  coherent	
  communications	
  and	
  
arbitrary	
  waveform	
  generation.	
  	
  We	
  have	
  recently	
  extended	
  these	
  advantages	
  to	
  
demonstrate	
  a	
  microwave	
  generator	
  based	
  on	
  a	
  high-‐quality	
  factor	
  (Q)	
  optical	
  resonator	
  
and	
  a	
  frequency	
  comb	
  functioning	
  as	
  an	
  optical-‐to-‐microwave	
  divider[1].	
  	
  	
  This	
  provides	
  a	
  
10	
  GHz	
  electrical	
  signal	
  with	
  absolute	
  phase	
  noise	
  below	
  -‐100	
  dBc/Hz	
  at	
  1	
  Hz	
  offset,	
  and	
  a	
  
corresponding	
  fractional	
  frequency	
  instability	
  ≤8x10-‐16	
  at	
  1	
  s.	
  	
  When	
  integrated	
  from	
  1	
  Hz	
  
to	
  5	
  GHz,	
  the	
  timing	
  jitter	
  of	
  such	
  a	
  10	
  GHz	
  signal	
  is	
  only	
  a	
  few	
  femtoseconds.	
  	
  By	
  this	
  
metric,	
  our	
  photonic	
  microwave	
  generator	
  is	
  100x	
  more	
  stable	
  than	
  the	
  best	
  electronic	
  
microwave	
  oscillators.	
  	
  Such	
  a	
  low-‐noise	
  source	
  can	
  benefit	
  radar	
  systems,	
  improve	
  the	
  
bandwidth	
  and	
  resolution	
  of	
  communications	
  and	
  digital	
  sampling	
  systems,	
  and	
  be	
  
valuable	
  for	
  large	
  baseline	
  interferometry,	
  precision	
  spectroscopy	
  and	
  the	
  realization	
  of	
  
atomic	
  time.	
  
	
  

	
  

Fig.	
  1.	
  	
  (left)	
  Photonic	
  microwave	
  generation	
  based	
  on	
  the	
  phase-‐coherent	
  division	
  of	
  an	
  optical	
  
frequency	
  using	
  a	
  self-‐referenced	
  optical	
  frequency	
  comb.	
  	
  (right)	
  Measured	
  1 0	
  GHz	
  phase	
  noise	
  
from	
  the	
  o utput	
  of	
  the	
  photonic	
  generator.	
  	
  These	
  data	
  show	
  the	
  noise	
  of	
  a	
  pair	
  of	
  oscillators.	
  	
  The	
  
absolute	
  integrated	
  timing	
  jitter	
  (1	
  Hz-‐5	
  GHz)	
  is	
  2.6	
  fs.	
  

References:	
  
[1]	
  	
  T.	
  Fortier,	
  et	
  al.	
  Nat.	
  Photon.	
  5,	
  425	
  (2011).	
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Stimulated third-order optical processes: the gain factor
T. van Dijk,1 P. S. Carney,1, 2 and R. Bhargava1, 2, 3
1

Beckman Institute for Advanced Science and Technology, University of Illinois at Urbana-Champaign
2
Department of Electrical and Computer Engineering, University of Illinois at Urbana-Champaign
3
Department of Bioengineering, University of Illinois at Urbana-Champaign,
405 N Mathews Ave, Urbana, Il 61801, United States

Gain

Stimulated optical processes are exploited in many applications, from providing optical amplification in optical
telecommunication [1], to the making of sensors, the development of new laser sources [2–4] and in microscopy [5, 6].
Raman, Brillouin and Rayleigh scattering, in the presence of an intense pump beam, can be strongly amplified
by the nonlinear interaction of the pump and so-called probe field via a χ(3) , or four-wave-mixing process resulting
in stimulated scattering. The defining feature of the stimulated processes is the exponential gain of the scattered
field either on propagation or as a function of the pump power. The achievable gain is known to be limited by the
emergence of competing nonlinear processes at high intensities and by depletion of the pump field over long interaction
lengths [7].
In this presentation we show that even absent these limiting factors,
the gain changes
from linear in the pump intensity to square root in the intensity at high pump fields.
The change of intensity of the amplified field can be described classically through the nonlinear wave equation
[8]. Here we show that by using an integral equation
approach we do not have to make the slowly-varying
10
envelope approximation and show that there is a more
appropiate carrier wave possible, that is also valid at
8
high intensit of the pump. Solving this integral equation results in a gain factor that is equal to
6
!
r
4
12χI1
,
(1)
gI = 2Re ik02 n22 +
n 1 0 c

2

where, k02 , is the free space wave number at frequency
ω2 , n2 , is the linear refractive index evaluated at ω2 ,
I1 , is the intensity of the pump beam and, χ, is the
third-order susceptibility.
The difference between the classical expression for
the gain and our result is illustrated in Fig. 1, where
the gain is plotted as a function of the intensity of
the incident pump beam. Due to the correction to the
linear part of the refractive index, the increase of the
intensity of the signal, rapidly falls behind the classical
prediction.

0

0

Laser Power HWcm2L

1 ´ 109

2 ´ 109

3 ´ 109

4 ´ 109

FIG. 1. The gain as a function of the intensity of the pump
beam: (black)The gain according to the classical treatmen.
(red) The gain according to Eq. (1).In both cases  = 1 and
χ = −i1 ∗ 10−13 .

[1] Y. Aoki, J. Lightwave Technol. 6, 1225 (1988).
[2] R. Frey and F. Pradere, Opt. Commun. 12, 98 (1974).
[3] V. I. Karpov, E. M. Dianov, V. M. Paramonov, O. I. Medvedkov, M. M. Bubnov, S. L. Semyonov, S. A. Vasiliev, V. N.
Protopopov, O. N. Egorova, V. F. Hopin, A. N. Guryanov, M. P. Bachynski, and W. R. L. Clements, Opt. Lett. 24, 887
(1999).
[4] S. H. Baek and W. B. Roh, Opt. Lett. 29, 153 (2004).
[5] C. W. Freudiger, W. Min, B. G. Saar, S. Lu, G. R. Holtom, C. He, J. C. Tsai, J. X. Kang, and X. S. Xie, Science 322,
1857 (2008).
[6] C. W. Freudiger, W. Min, G. R. Holtom, B. Xu, M. Dantus, and X. S. Xie, Nat. Photonics 5, 103 (2011).
[7] J. Grun, Mcquilla.ak, and Stoichef.bp, Phys. Rev. 180, 61 (1969).
[8] R. W. Boyd, Nonlinear optics (Academic Press, San Diego (California), 2008).
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Session: Nanophotonic and laser physics
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Injection-Seeded Optoplasmonic Amplifier in the Visible
M. R. Gartia, S. Seo, J. Kim, T. W. Chang, G. Bahl, M. Lu, J. G. Eden, and G. L. Liu
University of Illinois, Urbana-Champaign, IL 61801 USA
An optoplasmonic amplifier, operating in the visible (563 – 675 nm) and injection-seeded by an
internally-generated Raman signal, has been realized and will be described. Dye molecules,
tethered to the surface of a spherical microresonator by a protein, provide optical gain for the
Raman (Stokes) radiation generated within the whispering gallery mode (WGM) resonator, or
from the tether protein, by a laser (632.8 or 532 nm) pump source. Although the gain medium is
located external to, and surrounds, the resonator, it lies well within the evanescent optical field of
the resonator and, therefore, specific WGMs associated with the spherical resonator harvest
energy efficiently from the optically-pumped molecules. Because the amplifier gain does not
build up from the noise, the coincidence of the Raman “seed” wavelength with a particular
resonator mode has the effect of discriminating against all other modes. Energy stored under the
amplifier gain profile is extracted predominantly in a single line and power is coupled out of the
resonator by a plasmonic array.

Owing to the narrow linewidth of the injection seed that is available with Raman
scattering and the potential for energy storage in the gain medium surrounding the resonator, the
coherence and output power of this visible emitter can be superior to those of existing
nano/micro- optical sources. The compound photonic-plasmonic device reported here provides
an optical system well-suited for parallel, distributed systems for storing, amplifying and routing
optical power.
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Novel condition for a quantum state to be Gaussian
Lucas Happ,1 Maxim A. Efremov,1 Hyunchul Nha,2,3 and Wolfgang P. Schleich1,4
Institut für Quantenphysik and Center for Integrated Quantum Science and Technology (IQST),
Universität Ulm, D-89081 Ulm, Germany
2
School of Computational Sciences, Korea Institute for Advanced Study, Seoul 130-012, Korea
3
Department of Physics, Texas A & M University at Qatar, PO Box 23874, Doha, Qatar
4
Institute for Quantum Science and Engineering (IQSE), Department of Physics and Astronomy,
Texas A&M University, College Station, TX 77843

1

Gaussian states play a major role in quantum information with continuous variables. An
important question for any practical implementation of such a state is to provide a user with a criterion
or condition to verify that a given state is a Gaussian one. The obvious criterion for a pure state is the
positivity of the corresponding Wigner function. However, this simple and fundamental criterion of
Gaussianity is not easy to verify in practice.
For this reason, we introduce in this talk a new condition to distinguish a non-Gaussian state
from a Gaussian one. Our considerations are based on the fact that any Gaussian state is fully
characterized by the vector formed by the first moments and the covariance matrix. We examine the
proposed condition, which relies on the sum of the all moments of the coordinate and momentum
operators, for pure and mixed states.
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Session: Poster Session
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Novel three-body bound states in atomic mixtures
Maxim A. Efremov,1 Lev Plimak,2 Misha Ivanov,2 and Wolfgang P. Schleich1,3
Institut für Quantenphysik and Center for Integrated Quantum Science and Technology (IQST),
Universität Ulm, D-89081 Ulm, Germany
2
Max-Born-Institut, D-12489 Berlin, Germany
3
Institute for Quantum Science and Engineering (IQSE), Department of Physics and Astronomy,
Texas A&M University, College Station, TX 77843

1

One of the most intriguing phenomenon of few-body physics is the Efimov effect [1], which
manifests itself in an infinite number of weakly bound three-body states if at least two of the three twobody subsystems exhibit a single weakly s-wave bound state or resonance. Although this effect was
predicted almost half of a century ago, it has only recently been successfully verified [2] in experiments
with the different cold atomic mixtures.
In this presentation I provide an introduction into the mechanisms of forming bound states in
few-body physics and briefly review the main theoretical ingredients of as well as the experiments
confirming the Efimov effect, and present then a new series of the three-body bound states. The threebody system considered in this context consists of a light particle and two heavy ones, when the heavylight short-range interaction potential has a resonant state with a non-zero orbital angular momentum
[3], e.g., the p-wave resonant state. Such a system is in sharp contrast to the standard Efimov scenario,
when the heavy-light short-range interaction has always the s-wave resonance. In summary I analyze
possible avenues to verify this new effect experimentally.
[1] V. Efimov, Phys. Lett. B 33, 563 (1970)
[2] F. Ferlaino and R. Grimm, Physics 3, 9 (2010)
[3] M.A. Efremov, L. Plimak, M.Yu. Ivanov, and W.P. Schleich, Phys. Rev. Lett. 111, 113201 (2013)
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Meta-surfaces for Electromagntic Wavefront Manipulation
George V. Eleftheriades, Michael Selvanayagam, Joseph Wong, Yuchu He and Mohammad Memarian
Dept. of Electrical and Computer Engineering, University of Toronto, CANADA
Recently there has been intense interest in meta-surfaces for electromagnetic wavefront manipulation [1].
These meta-surfaces typically consist of many metallic unit cells which locally alter the phase (and
sometimes the magnitude) of an impinging field thus forcing it to change direction (refract), focus,
change shape etc. These meta-surfaces can be intimately related to classical antenna "transmitarrays" [2].
In order to minimize reflections and achieve full 360-degrees phase-range variation, multiple layers are
needed (at least three), typically spaced quarter wavelength apart [2]. In this presentation, we summarize
some of our recent efforts to manipulate microwave and optical wavefronts using different kinds of metasurfaces. We report an approach for wavefront manipulation using arrays of orthogonal electric and
magnetic currents, which can be synthesized using elementary metallic dipole and loop antennas
respectively [3-5]. The advantage of this approach is that it only requires a single layer of such dipole
antennas to achieve full 360-degree phase control and minimum reflection coefficient. Figure 1 presents a
focusing metasurface comprising one layer of orthogonal electric and magnetic dipoles.

Fig 1a: A portion of a focusing meta‐surface comprising orthogonal Fig. 1b: The focused electric field
electric and magnetic dipole antennas. Thickness‐=3.2mm@10GHz intensity.
In the focusing metasurface of Fig. 1a, the electric and magnetic dipoles are excited by the impinging
electromagnetic field. If these dipoles are allowed to become active (fed by sources) then a whole new
level of control can be achieved, allowing for example the realization of thin active cloaks [6]. We are
also reporting a more traditional transmit‐array approach for synthesizing thin quarter and half wave‐
plates at infrared frequencies [7]. Finally, we present an approach for implementing thin optical lenses
with very short F/D numbers using anisotropic metamaterial hetero‐junctions [8].
[1] N. Yu et al., Science 334, 333–337 (2011).
[2] J.Y. Lau and S.V. Hum, IEEE Transactions on Antennas and Propagation 60, no. 12, 5679–5689 (2012).
[3] M. Selvanayagam and G. V. Eleftheriades, IEEE Antennas and Wireless Propagation Letters, 11, 1226 (2012).
[4] M. Selvanayagam and G. V. Eleftheriades, Optics Express, 21, 14409 (2013)
[5] C. Pfieffer and A. Grbic, Phys. Rev. Lett. 110, 197401 (2013).
[6] M. Selvanayagam and G.V. Eleftheriades, Phys. Rev. X, 3, 041011 (2013)
[7] Y. He and G.V. Eleftheriades, Optics Express, vol. 21, no. 21, 22468, Oct. 2013
[8] M. Memarian and G.V. Eleftheriades, Light Science and Applications, 2, e114; doi:10.1038/lsa.2013.70, Nov. (2013).
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Metastructures: Form vs Function
N. Engheta
University of Pennsylvania
Philadelphia, PA, USA
Web: http://www.seas.upenn.edu/~engheta/
E-mail: engheta@ee.upenn.edu
One of the active areas of research in metamaterials and metaphotonics is exploration of ways
to functionalize metastructures for achieving new optical characteristics and functionalities.
From the “forms” of metamaterials we may extract desired “functions”. These may include
the extreme-parameter metamaterials for novel applications in metaphotonics [1-3],
metastructures that function as optical nanocircuits (“optical metatronics”) – a platform for
nanoscale optical processing [4-7], graphene metamaterials as one-atom-thick optical devices
[8], nonreciprocal metamaterials for unusual flow of photons [9], nanoscale “meta-machines”
as metamaterials for wave-based signal processing [10], and metamaterial “bits” and “bytes”
as building blocks for digitizing metamaterials [11], to name a few. In my group we are
investigating a variety of features and properties of these concepts and directions in
functionalizing metamaterials and metasystems, and explore new classes of phenomena and
potential applications. I will present an overview of some of these topics.

References
[1]
[2]
[3]
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[7]
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[10]
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High-Speed Quantum Communication Using Time-Energy Entangled Photons
Jacob Mower, Catherine Lee, Zheshen Zheng, Franco N. C. Wong, Jeffrey H. Shapiro, and Dirk Englund
Department of Electrical Engineering and Computer Science,
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, United States

Quantum key distribution (QKD) enables two parties, Alice and Bob, to establish a private cryptographic key at
a distance. However, the rate of key generation is typically limited by experimental constraints, such as the rate of
generating photons or the saturation rate of single photon detectors. If Alice and Bob measure entangled photons with
correlations in a high-dimensional Hilbert space, they can increase the shared information per detected photon (or
photon pair, in the case of entangled-photon QKD). As a result, there has been growing interest in developing highdimensional QKD schemes that could be practically implemented. The use of temporal and spectral photon degrees
of freedom is especially appealing since these are particularly resilient to propagation through fiber and turbulent
atmosphere. We recently described a protocol that employs time-energy correlations between entangled photons and
proved security against collective attacks [1]. The security of the protocol relies on measurements in two conjugated
bases, which are implemented using group velocity dispersion, as illustrated in Fig. 1(a).

c

FIG. 1: a) Alice and Bob either measure the arrival time of time-energy entangled photons directly, or after normal dispersion
(ND)/anomalous dispersion (AD) for Alice/Bob. (b) Depiction of decreased photon correlations measured by Alice and Bob,
0
from the ideal correlation time σcor to the observed σcor
. (c) Photonic integrated circuit for chip-integrated QKD setup showing
direct detection and detection after an unbalanced Mach-Zehnder Interferometer.

In this protocol, which we termed ‘dispersive optics’ QKD (DO-QKD), Alice generates time-energy entangled
photon pairs. Photons are measured by her and by Bob either directly or after applying group velocity dispersion of
opposite sign. The largest possible dimension d of the protocol is given by the Schmidt number, i.e., the number of
possible information eigenstates in the system, d = σcoh /σcor , where σcoh is the coherence time of the SPDC pump
field, and σcor is the correlation time between photons.
The security analysis of DO-QKD relies on the time-frequency covariance matrix (TFCM) of Alice’s and Bob’s
measurements, which enables Alice and Bob to bound Eve’s maximum obtainable information. Specifically, Alice
and Bob seek to estimate the increase in the correlation and coherence times, as illustrated for σcor in Fig. 1(b).
We demonstrated security against collective attacks under practical constraints of single-photon detector efficiency,
channel loss, and finite-key consideration [2].
We have implemented high-dimensional time-energy QKD protocols using commercially available telecom dispersion
emulation systems, enabling high generation rate and high photon information capacity. As an alternative to the
dispersive optics elements used in DO-QKD, the TFCM may be estimated from measurements performed using
Franson interferometry [3]. To this end, we are developing experimental QKD schemes employing stable and compact
on-chip Franson interferometers, as shown in Fig. 1(c).

[1] J. Mower, Z. Zhang, P. Desjardins, C. Lee, J. H. Shapiro, and D. Englund. High-dimensional quantum key distribution
using dispersive optics. Phys. Rev. A, 87:062322, Jun 2013.
[2] C. Lee, J. Mower, Z. Zhang, J. H. Shapiro, and D. Englund. Finite-key analysis of high-dimensional dispersive optics
quantum key distribution. arXiv:1311.0825, 2013.
[3] Z. Zhang, J. Mower, D. Englund, Franco N. C. Wong, and J. H. Shapiro. Unconditional security of time-energy entanglement
quantum key distribution using dual-basis interferometry. arXiv:1311.0825, 2013.
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Super-resolution Imaging and Sensing Using Fluorescent Diamond Nanocrystals
Edward Chen1 , Matthew Trusheim1 , Ophir Gaathon1 , Reyu Sakakibara1 , Sinan Karaveli1 ,
Luozhou Li1 , Tim Schroder1 , Darcy Peterka2 , Rafael Yuste2 , and Dirk Englund1
1

Research Laboratory for Electronics, Massachusetts Institute of Technology, Cambridge, MA
2
Department of Biology, Columbia University, New York, NY

A strong effort is underway to implement
b
quantum metrology techniques with a biocompatible sensor, the negatively charged nitroa
gen vacancy (NV) color center in diamond.
Recently, we developed a reconstruction microscopy technique [1] to image hundreds of
individual NV color centers simultaneously
across a wide field of view with deep subwavelength spatial resolution. This technique
relies on deterministic switching of NV− emitters by resonantly transferring NV population
FIG. 1: Demonstration of DESM technique for simultaneous imaging
into optically dark spin states. Different NVs
over a wide field of view using an emCCD camera.
are distinguishable in the microwave spectrum
due to strain or different Zeeman splitting,
making it possible to address and isolate individual NV− centers within a diffraction limited spot. With this technique, termed Deterministic Emitter Switch Microscopy (DESM), we were able to achieve 20nm localization of more
than 5 NVs within a diffraction limited spot [1]. The acquisition time is on the order of seconds. Fig. 1 shows the
DESM technique applied over a 35×35µm2 area, using a CCD camera for optical spin measurements.
This wide-field imaging technique is compatible with living cell experiments. Fig. 2 shows
b
a
mouse hippocampal neurons stained with diamond
nanocrystals. Electron spin resonance was successfully performed in such living cell preparations for over 4 hours. An appealing next step is
to employ nanodiamonds as electric field sensors.
The required sensitivity has been demonstrated in
bulk diamond [2], but the spin coherence time in
commonly used high-pressure, high-temperature
nanocrystals is too short. We have therefore dec
veloped a technique to fabricate nanocrystals from
high-purity bulk diamond grown by chemical vapor deposition (CVD). This now enables nanocrystals with spin coherence times in excess of 100µ,
approaching that of the parent CVD diamond
crystal [3]. Ongoing work focuses on the surface
FIG. 2:
Fixed neurons stained with nanodiamond suspensions,
functionalization of these nanodiamonds to target
showing nanodiamond photoluminescence. Electron spin resonance
their delivery to the cell membrane, with the goal
measurement verifies luminescence arises from NV center.
of realizing real-time imaging of neuronal activity
across hundreds of cells.

[1] E. Chen, O. Gaathon, M. Trusheim, and D. Englund. Wide-field multispectral super-resolution imaging using spin-dependent
fluorescence in nanodiamonds. Nano Letters, 13(5):2073–2077, 2013.
[2] F. Dolde, H. Fedder, M. W. Doherty, T. Nobauer, F. Rempp, G. Balasubramanian, T. Wolf, F. Reinhard, L. C. L. Hollenberg,
F. Jelezko, and J. Wrachtrup. Electric-field sensing using single diamond spins. Nature Physics, 7:459–463, April 2011.
[3] Matthew E. Trusheim, Luozhou Li, Abdelghani Laraoui, Edward H. Chen, Ophir Gaathon, Hassaram Bakhru, Carlos A.
Meriles, and Dirk Englund. Scalable fabrication of high purity diamond nanocrystals with long-spin-coherence nitrogen
vacancy centers. to appear in Nano Letters.
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CARS Microscopy for Visualizing Treatment Response in Skin

!
!
Wellman Center for Photomedicine, Harvard Medical School,

Yookyung Jung, Joshua Tam, R. Rox Anderson, Conor L. Evans
General Hospital, Boston, MA, 02114
!Sebaceous glands, whichMassachusetts
secrete the lipid-rich sebum that moisturizes and protects skin, play an

important role in the pathogenesis of acne vulgaris. The glands are comprised of cells known as
sebocytes, which synthesize, store, and finally release sebum into hair shafts. Pharmaceutical
interventions for acne improve symptoms by altering the chemical or physical nature of the glands.
Interestingly, lipid-rich cells such as sebocytes have long been observed to be particularly sensitive to
cold-induced injury. This cold treatment approach has recently been demonstrated to damage
sebaceous glands by selectively killing subcutaneous fat cells through a process known as cryolysis.
As in pharmaceutical interventions, cryolysis triggers a host of changes to sebaceous glands, which
undergo dynamic changes over the course of just minutes to weeks. As cryolysis represents a
potential therapy for acne, there is a need to understand the fundamental mechanisms that lead to
improved therapy.

!Coherent Raman imaging is a non-destructive, non-perturbative imaging technique that makes use of
a pair of laser pulses to “tune” into molecular vibrations and illuminate chemical species. With four
orders of magnitude signal improvement over traditional Raman tools, coherent Raman technologies
enable chemically-specific imaging at video-rate speeds in tissues. Coherent anti-Stokes Raman
scattering (CARS) microscopy, a coherent Raman technique, has been found especially potent for
imaging skin, revealing the distribution of lipids as well as uptake of pharmaceutical compounds in
both animal models and humans.

!Using CARS microscopy, we have non-invasively tracked and monitored the damage and subsequent

recovery of individual sebaceous glands in living mice from the first minutes following intervention to
weeks following cold treatment. As CARS imaging does not require animal sacrifice, fixation, or any
tissue processing, this study was able to follow unique sebaceous glands and track their microscale
response to treatment. Imaging experiments have revealed dynamic morphological changes in glands
throughout the recovery process, including a reduction in sebum content during the weeks following
treatment. We have additionally observed heterogeneity in the response of sebaceous glands, which
is currently under study. Current studies are focused on tracking the chemical alterations underlying
sebocyte cold treatment and long-term response using CARS and fluorescence microscopy along with
Raman spectroscopy.
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Mössbauer meets Fano for line shape control
Jörg Evers (joerg.evers@mpi-hd.mpg.de)
Max-Planck-Institut für Kernphysik, Heidelberg, Germany
Light is a primary tool for the investigation and control of matter. Modern x-ray light sources promise
access to structure and dynamics in largely unexplored regions of the electromagnetic spectrum, with
applications across all the natural sciences. But despite recent progress, it remains a challenge in
particular at hard x-ray energies to exploit quantum optical ideas based on coherence and interference,
which have proven indispensable in light–matter interactions at lower frequencies.
In this talk, I will discuss the control of
spectroscopic line shapes at hard x-ray energies.
This is achieved by implementing tunable Fano
interference [1] between a spectrally broad cavity
response [2] and a narrow bound state nuclear
resonance. This allows us to continuously adjust
between Lorentz- and Fano-profiles. Excellent
agreement between the recorded asymmetric line
shapes and our theoretical model ([3], see figure)
enables us to accurately extract spectroscopic
signatures. We exploit this to solve the puzzle of
a recently observed anomalously high
cooperative Lamb shift in x-ray cavities [4]. Our
results advance spectroscopy and precision
metrology in the hard x-ray domain, and provide
access to a multitude of applications linked to
Fano interference [5].

Detection
of Fano
line shapes

θ
θ

Synchrotron

Monochromator

(1)

Sample with
Mössbauer
nuclei

[1] C. Ott et al., Science 340, 716 (2013).
[2] K. P. Heeg and J. Evers, Phys. Rev. A 88, 043828 (2013).
[3] K. P. Heeg et al, submitted.
[4] R. Röhlsberger et al, Science 328, 1248–1251 (2010).
[5] A. E. Miroshnichenko et al., Rev. Mod. Phys. 82, 2257–2298 (2010).

(2)

(1) From Wikipedia (copyright 1978, Chris Greene, Creative Commons Attribution-ShareAlike 2.5)
(2) From Wikipedia (source http://nobelprize.org/nobel_prizes/physics/laureates/1961/mossbauer-bio.html)
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Diffractionless image propagation and
frequency conversion via four-wave mixing
exploiting the thermal motion of atoms
Jörg Evers (joerg.evers@mpi-hd.mpg.de)
Max-Planck-Institut für Kernphysik, Heidelberg, Germany
Recently, a setup has been proposed and implemented which enables one to propagate spatial images
encoded onto the transverse intensity profile of a probe beam without diffraction [1,2]. Unlike previous
methods, it operates in the momentum space, and takes advantage of the thermal motion of atoms and
collisions. These induce a linear susceptibility that exactly cancels the phase shifts leading to
diffraction. Since the phase shift of each momentum component is eliminated individually, arbitrary
images within a certain bandwidth can be propagated without diffraction.
Based on this method, we propose a setup to frequency-convert an arbitrary image encoded in the
spatial profile of a probe field onto a signal field using four-wave mixing in a thermal atom vapor [3].
The atomic motion is exploited to cancel diffraction of both signal and probe fields simultaneously. We
also show that an incoherent pump field can be used to enhance the transverse momentum bandwidth
which can be propagated without diffraction, such that smaller structures with higher spatial resolution
can be transmitted. It furthermore compensates linear absorption with non-linear gain, to improve the
four- wave mixing performance.
[1] O. Firstenberg et al., Nature Phys. 5, 665 (2009).
[2] O. Firstenberg et al., Rev. Mod. Phys. 85, 941 (2013).
[3] L. Zhang and J. Evers, arXiv:1309.0615 [quant-ph].

Left panel: Basic mechanism of diffraction-less image propagation operating in the transverse wave
vector space. Light diffracting upwards dominantly interacts with atoms moving downwards, which
cancels diffraction. Right panel: Example results for diffractionless image propagation. The panels
show the incident image and the transmitted image in free space, as well as the output profile of the
probe and the frequency-converted signal fields after propagating through the thermal vapor cell.
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Negative frequencies and light.
Daniele Faccio
Institute of Photonics and Quantum Sciences, School of Engineering and Physical Sciences,
SUPA, Heriot-Watt University, Edinburgh EH14 4AS, UK
d.faccio@hw.ac.uk

Recent measurements have highlighted that the negative frequency (or complex conjugate) components of the spectrum of a light pulse may play a non trivial role when the pulse has high intensities [1–3]. This finding however does raise questions regarding the actual meaning and physical
interpretation of the complex conjugate spectral components that lie at negative frequencies. Such
questions are also related to the fact that we do not explicitly measure negative frequencies in the
lab, hence the impression that these terms that appear in the Fourier spectrum may not actually
have a physical reality.
The electromagnetic field is a real valued quantity. As such, it must oscillate, in equal measure, at both positive and negative frequencies: for example, keeping only the positive frequency values will give us, after a Fourier transform, only the the pulse envelope and not the
full field. Further inspection of the Maxwell equations written in Lorentz-Heavisde coordinates,
∇ × E = −(1/c)∂t B, ∇ × B = (1/c)∂t E, shows that these may be recast in a form similar to the
time-dependent Schrödinger equation with a Hamiltonian satisfying a likewise similar eigenvalue
equation, Ĥψ = Eψ where Ĥ = kcσ̂ is a 2x2 matrix operator and ψ = (E, B). The eigenvalues
are E = ±kc = ±ω - this crucially underlines that the Maxwell equation solutions are combinations of both positive and negative frequencies, i.e. positive and negative energy states. Both are
needed in order to construct the solutions. This is also reflected in the fact that there is a complete
formal identity between the Maxwell equations and the relativistic, massless, Dirac equation: we
must therefore identify the positive and negative frequencies with the positive and negative energy
solutions to the Dirac equation. Both of these solutions of course have a physical reality. A third
analogy may be drawn by recalling that the classical vector potential may be written as a sum of
two complex conjugate quantities with amplitudes A and A∗ . After quantization, these map onto
the a and a† operators and it is only the combination of the two, a† a that will describe the total
photon number in our pulse, underlining once more that the measured observable is the result of
the coexistence of both positive and negative valued frequencies.
Naturally, all this would be trivial and of little consequence where it not for recent experimental evidence that the positive and negative energy states may play independent roles in resonant
nonlinear interactions. We will give an overview of these effects, drawing an analogy between recent experiments involving water waves and optical soliton instabilities. We shall also show how
the experiments are supported by numerical simulations that clearly highlight the interplay in the
nonlinear regime between the negative and positive frequencies.
References
1. E. Rubino et al., Phys. Rev. Lett., 108, 253901 (2012)
2. E. Rubino et al., Scient. Rep., 2, 932 (2012).
3. M. Conforti et al., arXiv:1305.5264 (2013).
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Quantum Interference with Surface Plasmons
James S. Fakonas1,2, Hyunseok Lee2, Harry A. Atwater1,2
1. Kavli Nanoscience Institute, California Institute of Technology, Pasadena, CA 91125
2. Thomas J. Watson Laboratories of Applied Physics, California Institute of Technology, Pasadena, CA
91125

Surface plasma waves are usually quantized by direct analogy to free
free-space
space
electromagnetic waves. As a result, quantum theory predicts that the quanta of these waves,
surface plasmons, ought to reproduce all of the same quantum phenomena that photons exhibit.
But surface plasmons are more complicated than photons! As collective excitations with
mixed electronic-electromagnetic
electromagnetic character, surface plasmons involve extra microscopic
physics—the scattering of free el
electrons
ectrons off of phonons, surfaces and other electrons, for
example—that is absent in free-space
space and dielectric optic
optics.
s. Experiments to test the analogy
between photons and plasmons are therefore necessary to shed light on the quantum mechanics
of surface plasmons.
In this work, we perform a plasmonic version of the Hong
Hong-Ou-Mandel
Mandel experiment,
demonstrating two-photon
photon quantum int
interference (TPQI) using a plasmonic 50-50
50 directional
coupler (see figure). This effect requires not only that two single photons retain their singlesingle
particle statistics upon conversion to plasmons, but also that they remain mutually coherent,
which is to say in our experiment that they remain indistinguishable. We observe plasmonic
TPQI with a visibility of 93 ± 1%, identical
dentical to the visibility we observe in a dielectric coupler to
within measurement error. Moreover, we show that this result is consistent with the standard
theory of TPQI at a lossy beam splitter, which we extend to the case of a lossy directional
coupler.
r. We conclude that the extra microscopic physics involved in plasmonic systems does not
diminish quantum interference between plasmons.

A pair of single photons incident from the left enters a plasmonic 50
50-50
50 directional coupler formed
by dielectric-loaded
ded surface plasmon polariton waveguides (DLSPPWs). Dielectric waveguides at
the outputs collect the photons and send them to single photon detectors for the measurement.
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Synthetic optical materials for advanced photonics applications
Andrea Di Falco
SUPA, School of Physics and Astronomy, University of St Andrews, North Haugh, St Andrews, KY16 9SS, UK

In the past few years there has been tremendous progress in the control of light behavior in
materials with engineered optical properties. Using design tools like transformation optics and
conformal mapping it is possible to define the path of light within a material, virtually at will1,2. This
freedom of design has generated thought provoking proposals including also the possibility to mimic
curved space-time potentials for analog gravity experiments3. In
practical terms these designs translate into spatio-temporal maps of
permittivity and permeability within the medium. Hence, physical
realizations of such bespoke materials are only as good as our ability to
fabricate devices with arbitrary refractive index distribution. Relevant
figures of merit for a given technology are the absolute control of the
local refractive index value, the range of accessible values and the
possibility to dynamically tune the
properties of the material.
Fig.	
  1	
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  material	
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zero	
  permittivity
In our group we have developed
fabrication protocols for the fabrication of synthetic optical materials in
one, two and three spatial dimensions, each with different
characteristics and potentials. The one-dimensional geometry shown in
fig. 1 is a flexible metasurface4. Because of the flexibile and supple
substrate the membrane can be arranged in complex topologies and its
optical properties tuned dynamically. The example of the figure has Fig.	
  2	
  Top	
  view	
  of	
  a	
  Luneburg	
  lens	
  
permittivity close to zero for imaging and ultralow power nonlinear and	
  couplers	
  in	
  SOI	
  technology
applications5. Fig. 2 shows the picture of an integrated Luneburg lens6
with coupling waveguides, realised in silicon on insulator technology.
In this class of two-dimensional effective materials the local speed of
light is tailored by finely controlling the thickness of the top guiding
layer. This approach exploits grayscale lithography to realise arbitrary
profiles with an index contrast up to a factor of 2, in a virually lossless
configuration. Fig. 3 shows a sample of silica aerogel used for the
control of light propagation in three dimension. In the example of
figure the density of the silica is finely tuned in space to control the
Fig.	
  3	
  Silica-‐based	
  aerogel	
  with	
  
polarization state of white light. This class of materials has peculiar
polarizing	
  response	
  
opto-thermal properties that can be exploited for nonlinear optics
applications7, for the ultimate spatio-temporal control of light propagation.
1.
2.
3.
4.
5.
6.
7.

Schurig, D. et al. Metamaterial electromagnetic cloak at microwave frequencies. Science 314, 977–980 (2006).
Leonhardt, U. & Tyc, T. Broadband Invisibility by Non-Euclidean Cloaking. Science 323, 110–112 (2009).
Genov, D. A., Zhang, S. & Zhang, X. Mimicking celestial mechanics in metamaterials. Nat Phys 5, 687–692 (2009).
Di Falco, A., Ploschner, M. & Krauss, T. F. Flexible metamaterials at visible wavelengths. New J Phys 12, 113006 (2010).
Rizza, C., Di Falco, A. & Ciattoni, A. Gain assisted nanocomposite multilayers with near zero permittivity modulus at visible
frequencies. Appl Phys Lett 99, 221107 (2011).
Di Falco, A., Kehr, S. C. & Leonhardt, U. Luneburg lens in silicon photonics. Optics Express 19, 5156–5162 (2011).
Gentilini, S., Ghajeri, F., Ghofraniha, N., Di Falco, A. & Conti, C., Optical shock waves in silica aerogel, submitted.
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Ultra-Smooth Metallic Nanoparticles for Precision Plasmonics
Jonathan A. Fan, You-Jin Lee, Nicholas B. Schade, Li Sun, Federico Capasso, Vinothan N. Manoharan, and Gi-Ra Yi
Self-assembled nanoplasmonic systems provide a means to engineering a broad range of optical resonances. For
1
example, clusters of spherical metallic nanoparticles can be tailored to exhibit electric, magnetic, and Fano resonances ,
and their assembly into structures with broken symmetry yields materials with magneto-optical and chiral responses.
Systems of particles and films also are the basis for studying and characterizing fundamental optical phenomena ranging
from electromagnetic field enhancements within nanogaps to charge transfer plasmonics. The success of these
experiments is predicated on the development and implementation of well-defined materials systems comprising
smooth film and particle interfaces.
We demonstrate here the synthesis and optical characterization of single crystalline gold nanospheres as a new material
for self-assembled plasmonics engineering. These particles are synthesized using a two-step approach: first, single
2
crystalline gold octahedral particles are prepared , and they are then slowly etched into spheres over the course of 20
hours by oxidative etching (Figure 1a). Compared to typical citrate-stabilized gold nanoparticles, our particles exhibit
exceptional surface smoothness and the elimination of facets, making them well suited for particle-particle and particlefilm near-field optical coupling. As a demonstration, the spectra of individual citrate-stabilized and octahedral-etched
nanoparticles are measured in two configurations, one with the particles on a glass substrate, and one with the particles
on a gold metallic substrate separated with an alumina spacer (Figure 1b). The latter has been previously used to study
3
higher order mode nanoparticle excitation and non-local plasmonic responsivity. The results show that the spectra in
our ultra-smooth nanoparticles are reproducible and readily interpreted for an ensemble of measurements in both
configurations, unlike that from the citrate-stabilized particles. We also measure clear Fano resonances in asymmetric
quadrumer clusters assembled using the ultra-smooth particles. These experiments emphasize the importance of
working with high quality materials when constructing and characterizing self-assembled plasmonic systems.

a

b

Figure 1. Synthesis and characterization of ultra-smooth gold nanoparticles. a) Schematic and SEM images of single
crystalline gold octahedral nanoparticles etched into spheres. b) Scattering spectra of individual gold nanoparticles
synthesized by the citrate method (left) and by the etching of octahedra (right). The line marker in all figures is 200nm.
[1] J. A. Fan, C. Wu et. al. Self-assembled plasmonic nanoparticle clusters. Science 328(5982), 1135-1138 (2010).
[2] C. Li, K. Shuford et. al. A facile polyol route to uniform gold octahedral with tailorable size and their optical
properties. ACS Nano 2(9) 1760-1769 (2008).
[3] P. Nordlander and E. Prodan, Plasmon hybridization in nanoparticles near metallic surfaces. Nano Letters 4(11)
2209-2213 (2004).
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Matter-wave interferometry close to a surface
Shimon Machluf, Yonathan Japha, Ron Folman
Ben-Gurion University of the Negev, Israel
The Atom Chip is a device for matter wave optics. However, it can also be used to study surface
and solid state physics. Here we present a Stern-Gerlach matter wave interferometer that may be
operated extremely close to the chip surface, thereby serving as a sensitive probe of phenomena
on the surface. Depending on the achieved sensitivity, this device can in the future also be used
for miniature acceleration sensing.
In the Stern–Gerlach effect, a magnetic field gradient splits particles into spatially separated
paths according to their spin projection. The idea of exploiting this effect for creating coherent
momentum superpositions for matter-wave interferometry appeared shortly after its discovery,
almost a century ago, but was judged to be far beyond practical reach. Here we demonstrate a
viable version of this idea [1]. Our scheme uses pulsed magnetic field gradients, generated by
currents in an atom chip wire, and radio-frequency Rabi transitions between Zeeman sublevels.
We transform an atomic Bose–Einstein condensate into a superposition of spatially separated
propagating wavepackets and observe spatial interference fringes with a measurable phase
repeatability. The method is versatile in its range of momentum transfer and the different
available splitting geometries. These features make our method a good candidate for supporting a
variety of future applications and fundamental studies.
[1] S. Machluf et al., Nature Communications 4, 2424 (2013)
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The interplay between ultracold atoms, semiconductor surfaces
and quantum electronic systems
Mark Fromhold
Midlands Ultracold Atom Research Centre, School of Physics and Astronomy,
University of Nottingham, Nottingham NG7 2RD, UK
In this talk I will consider the mutual interaction between ultracold atom clouds and
nearby quantum electronic structures. In particular I will consider the potential
advantages of using quantum electronic components to trap, manipulate, and electrically
image ultracold atoms. Conversely, I will also consider how the cold atom clouds can be
used to provide functional imaging of the electronic systems.
I will present calculations which predict that current through quantum electronic
components fabricated within a two-dimensional electron gas (2DEG) in semiconductor
heterostructures [1] and graphene [2] can trap ultracold atoms ~200 nm away, with
orders of magnitude less spatial and temporal noise than for metal trapping wires. This
noise reduction, combined with low Casimir-Polder attraction [2], may enable the
creation of hybrid atom chip structures, which exploit small changes in the conductance
of quantum electronic devices to control the trapped atoms. For example, activating a
single quantized conductance channel in a quantum point contact can split a BoseEinstein (BEC) for atom interferometry [1,3]. In turn, the BEC offers unique imaging of
quantum devices and transport in heterostructures.
[1] G. Sinuco-León, B. Kaczmarek, P. Krüger, and T.M. Fromhold, Phys. Rev. A 83,
021401(R) (2011).
[2] T.E. Judd, R.G. Scott, A.M. Martin, B. Kaczmarek and T.M. Fromhold, New J. Phys.
13, 083020 (2011).
[3] T.W.A. Montgomery, W. Li and T.M. Fromhold, Phys. Rev. Lett. 111, 105302 (2013).
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Instrumentation to Directly Measure the Backscattering Coefficient bb
Edward S. Fry
Texas A& M University, Dept. of Physics & Astronomy, College Station, TX, 77843-4242
fry@physics.tamu.edu
For natural waters, the volume scattering function, β(λ, θ, ϕ), is generally assumed to be
azimuthally symmetric about the incident direction and is written β(λ, θ). The integrated
backscattering coefficient bb(λ) is the integral of β(λ, θ) over the backwards hemisphere,
#

bb ( ! ) " 2#

& $(!,% ) sin% d% ,

#/2

where the integration over ϕ has been replaced by the factor 2π. The importance of this
backscattering coefficient in oceanographic applications and studies has been growing. It
provides useful information about the suspended marine particulates – abundance, composition,
organic, inorganic, particle size distribution, etc. But, the use of satellites for remote sensing of
the spectral reflectance of the ocean (or the ocean color) has perhaps led to the most important
application. Specifically, to first order, ocean color is proportional to bb(λ); thus, satellite data
together with a knowledge of the bb(λ) dependencies can provide a unique capability to monitor
biological activity and chlorophyll concentration over extensive spatial and temporal scales.
The first single detector instrument concept to collect scattered light over the full range of
backscattering angles is described. Its light collection aperture is designed so as to introduce a
sinθ factor into the collection probability. Hence, the instrument is exactly a bb meter; it directly
measures bb, not a proxy for it (as in existing instrumentation). For an infinitesimal aperture to
the detector, the instrument gives bb exactly; for a finite aperture (e.g. 1.26 cm2), it typically
gives bb to an accuracy of a few tenths of one percent. The instrumentation itself is as simple as
that of the well-known fixed angle meters (that do not actually measure bb) – it projects a beam
of light into the medium and collects backscattered light with a single detector; the differences
are the position of the detector and the shape/orientation of the entrance aperture to the detector.

Fig. 1. Conceptual sketch of the instrument (cylindrical symmetry around z-axis).
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Schrödinger Equation Revisited Again
Christopher A. Fuchs
Quantum Information Processing Group
Raytheon BBN Technologies
10 Moulton Street
Cambridge, Massachusetts 02138
Through the help of a symmetric informationally complete (SIC) quantum
measurement, one can find a rather elegant representation of finite-dimensional
quantum states in terms of probability functions alone. This a bit like representing infinite dimensional quantum states in terms of the Husimi Q-function.
However, because of the demanded symmetry in the finite case (which is unlikely
to be possible in the infinite case), simplifying features appear that give hope
that this may be more than a convenient representation of states. It may be
something of a deep foundational significance. This idea is bolstered by the form
the Born rule takes in the representation, where it appears as a mathematically
minor variation of the classical law of total probability. Still further evidence
mounts when one revisits the notion of unitary time evolution in these terms:
One finds exactly the same equation as one finds with the Born rule! Hence one
might say that unitary time evolution and the Born probability rule are in fact
precisely the same thing! In this talk, I will review these developments and show
a recent result to goes in the opposite direction: If one wants the unitary time
evolution to take this form, then the SICs must exist in all finite dimensions.

1
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Observation of ultra-low-light-level self-organized pattern formation in driven cold atoms
Daniel J. Gauthier and Bonnie L. Schmittberger
Duke University, Department of Physics, Box 90305, Durham, North Carolina 27708 USA
gauthier@phy.duke.edu
We observe spontaneous formation of optical transverse patterns when laser beams counterpropagate
through a gas of ultracold rubidium atoms. Some examples of the patterns are shown in Fig. 1, each for
different experimental realizations for slightly different experimental conditions. The patterns arise
from a mutual interaction between the applied laser beams and the center-of-mass motion of the
atoms. In particular, new beams of light are generated by the interaction, which causes the atoms to
bunch spatially, which in turn enhances the generation of the new fields in a synergistic fashion.

Figure 1: Transverse optical patterns observed when laser beams counterpropagate through a gas of cold rubidium
atoms. The central spot corresponds to the (attenuated) pump beam and the rings/spots correspond to the
generated light. The emission angle for the generated light is ~5 mrad.

The threshold for pattern formation occurs at very low light levels: less than 1 µW in each applied
beam, which is orders of magnitude lower than previous observations of pattern formation in driven
matter. Also, the patterns can persist for beyond 1 ms. Furthermore, we find that the threshold is very
sensitive to a precise balancing of the power of the applied beams. These observations can only be
explained by the presence of strong atom bunching that is a result of the synergy described above.
We are developing a self-consistent model for our observations and find that patterns can arise from
two different mechanisms: The standard saturation nonlinearity that arises from a driven multi-level
atoms and atom bunching. These two processes have an identical form, but the atom bunching
contribution depends on the initial temperature of the gas. When the temperature is well below the
Doppler temperature, as in our experiments, the pattern forming process is dominated by the atom
bunching process. Furthermore, in this regime, the threshold for the instability scales inversely with the
temperature, explaining why we observe patterns at such low applied laser beam powers.
This project is supported by the NSF Grant #PHY-1206040.
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Extreme events in fiber-optics systems and possible links with
oceanic rogue waves
1

2

Goëry Genty1 and John M. Dudley 2

Optics Laboratory, Tampere University of Technology, Tampere, Finland
Institut FEMTO-ST, UMR 6174 CNRS-Université de Franche-Comté, Besançon, France

Recently, the observation of extreme-value phenomena in Optics has been the subject of
intense studies and many systems have been shown to exhibit signatures of large intensity
events at low probability ranging from the propagation of light in an optical fiber to the
generation of short pulses in laser cavities [1]. The term optical rogue waves was
originally coined in reference to the infamous short lived giant walls of water that can
suddenly emerge on the oceans [2,3]. Here we provide an overview of the progress in this
field in an optical context, focusing on fiber-otpics systems and emphasizing possible
links (or not) to hydrodynamics. We describe different classes of optical rogue waves.
We specifically discuss the regime of noise-seeded modulation instability where the
propagation dynamics are governed by the pure nonlinear Schrödinger equation with
possible close analogy to deep water waves where the exponential amplification of noise
has been proposed as a rogue wave generation mechanism. We also review the regime of
propagation where higher-order perturbations to the nonlinear Schrödinger equation leads
to the generation of a broadband incoherent supercontinuum associated in the timedomain with a turbulent soliton gas.

[1]
[2]
[3]
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N. Akhmediev, J. M. Dudley, D. R. Solli, and S. K. Turitsyn, "Recent progress in
investigating optical rogue waves," Journal of Optics, vol. 15, p. , Jun 2013.
K. Dysthe, H. E. Krogstad, and P. Müller, "Oceanic Rogue Waves," Annual
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D. R. Solli, C. Ropers, P. Koonath, and B. Jalali, "Optical rogue waves," Nature,
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Quantum optics in photonic wires and trumpets
Jean-Michel Gérard
CEA, Institute for nanoscience and cryogeny, Grenoble, France
Over the last 20 years, major efforts have been devoted to the tailoring of the optical properties of
semiconductor emitters using optical microcavities and photonic crystals. We have recently introduced
photonic wires as a novel platform for quantum optics. I will review recent studies which demonstrate an
excellent control over the spontaneous emission of InAs quantum dots (QDs) embedded in vertical singlemode GaAs photonic wires and first applications in the field of quantum optoelectronic devices.
On the basic side, we have demonstrated a strong inhibition (x 1/16 [1]) of
QD SpE in thin wires (d<λ/2n) and a nearly perfect coupling of the SpE to the
guided mode (β>0.95 for d~λ/n) in circular photonic wires [2]. The
polarization of QD SpE can also be tailored by playing with the shape of the
anticross section of the photonic wire. For elliptical cross sections, a strong (>90%)
reflection
linear polarization oriented along the long axis of the ellipse is observed [3].
coating
In view of practical applications, a proper engineering of the radiation
pattern of the photonic wire is required. We have therefore developed novel
adiabatic
hybrid (metal+dielectric) mirrors displaying a high modal reflectivity, as well
taper
as integrated tip-shaped or trumpet-like adiabatic tapers, in order to reduce the
divergence of the emitted beam. The recently developed photonic trumpet (see
fig.1) exhibits superior performances in this context, since it ensures a perfect
Gaussian far-field emission [4].
InAs QD
Au+ SiO2
As a first application of SpE control in photonic wires, we have developed
mirror
single mode QD single-photon sources (SPS). Unlike microcavity-based
devices, such SPS display an excellent purity (g(2) (0) < 0.01) under nonresonant excitation, over the whole range of excitation powers. Furthermore,
1 µm
efficiencies exceeding 0.7 photon per pulse (within NA=0.75) have been
obtained for tip-shaped [5] as well as trumpet-like [4] SPS. Beyond these first
Figure 1: Colorized scanning
results, photonic wires are also very attractive for developing high efficiency
electron micrograph of a GaAs
sources of entangled photon pairs or wavelength tuneable SPS, thanks to the
photonic trumpet (from [4])
broadband SpE control they provide.
More generally, photonic trumpets appear as a very promising template to
explore and exploit in a solid-state system the unique optical properties of
“one-dimensional atoms”. Possible long term applications in the field of quantum information processing will
be discussed, including the optimal quantum cloning of single photons, using the amplification by stimulated
emission provided by a single 1D atom [6].
Finally, photonic trumpets containing a single QD constitute a hybrid optomechanical system, whose
remarkably large coupling between the two-level system and the mechanical degree of freedom, mediated by
the strain, opens promising novel perspectives [7].
This work has been done in collaboration with J Claudon, J Bleuse, M Munsch, NS Malik, A Delga (CEA Grenoble), N
Gregersen, J Moerk (DTU Fotonik, Copenhagen), P Lalanne (Institut d’Optique, Palaiseau), A. Auffèves, J.P. Poizat, M
Richard and coworkers at CNRS/Néel; it has been supported by the IST FET European project “HANAS” and by the
French ANR project “WIFO”.
References
[1] J. Bleuse et al, Phys. Lett. Lett. 106, 103601 (2011)
[2] I. Friedler et al, Opt Exp 17, 2095-2110 (2009)
[3] M. Munsch et al, Phys. Rev. Lett. 108, 077405 (2012)
[4] M. Munsch et al, Phys. Rev. Lett. 110, 177402 (2013)
[5] J. Claudon et al, Nature Photon. 4, 174 (2010)
[6] D. Valente et al, New J. Phys. 14, 083029 (2012) and Phys. Rev. A 86, 022333 (2012)
[7] I. Yeo et al, to appear in Nature Nanotechnology
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Single domain spectroscopy: Imaging heterogeneous exciton dynamics in
organic semiconducting thin films
Naomi S. Ginsberg
University of California, Berkeley
In solid state semiconducting molecular materials used in electro-optical applications, relatively long
exciton diffusion lengths hold the promise to boost device performance by relaxing proximity
constraints on the locations for light absorption and interfacial charge separation. The architecture of
such materials determines their optical and electronic properties as a result of spacing- and orientationdependent Coulomb couplings between adjacent molecules. Exciton character and dynamics are
generally inferred from bulk optical measurements, which can present a severe limitation on our
understanding of these films because their constituent molecules are neither perfectly ordered nor
perfectly disordered. Nevertheless, such microstructure can have profound impacts on transport
properties.
The ultrafast spectroscopy of single domains of polycrystalline films of TIPS-pentacene, a small-molecule
organic semiconductor of interest in electronic and photovoltaic applications, is investigated using
transient absorption microscopy. Individual domains are distinguished by their different polarizationdependent linear and nonlinear optical responses. As compared to bulk measurements, we show that
the nonlinear response within a given domain can be tied more concretely to specific physical processes
that transfer exciton populations between specified electronic states. By use of this approach and a
simple kinetic model, the signatures of singlet fission as well as vibrational relaxation of the initially
excited singlet state are identified. As such, observing exciton dynamics within and comparing exciton
dynamics between different TIPS-pentacene domains reveal the relationship between photophysics and
film morphology and the potential to resolve unique signatures at domain boundaries, where significant
exciton or charge trapping may occur. Applying similar approaches to investigate these interfaces may
shed light on bottlenecks and inefficiencies in organic semiconducting electronics and photovoltaics. In
this vein, we also anticipate the utility of transient absorption microscopy for examining more complex
film microstructures, perhaps with the possibility of subdiffraction excitation volumes.

PQE-2014

128

Speaker: Siegfried Glenzer
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Measuring the physical properties of matter in
extreme conditions with a seeded x-ray laser
Siegfried H. Glenzer
SLAC National Accelerator Laboratory, 2575 Sand Hill Rd, Menlo Park, CA 94025
glenzer@slac.stanford.edu

Abstract: One of the great challenges of this century is to determine if nuclear fusion of
hydrogen isotopes can be demonstrated in the laboratory and developed into an unlimited carbonfree energy source. Recent experiments have led to the important finding that the demonstration
of a fully burning plasma state will require much improved understanding of the microscopic
physics of dense plasmas. In particular, the physical properties of dense matter determine the
hydrodynamic instability growth that it is presently the limiting factor for the successful
demonstration of ignition fusion targets.
To provide first-principles experimental validation of modeling of compressed matter we have
therefore begun developing novel experiments at the recently commissioned Matter in Extreme
Conditions (MEC) instrument at the Linac Coherent Light Source (LCLS). Here, we use seeded
x-ray laser pulses with the highest peak brightness available today of 2.7 x 1034 photons s-1 mm-2
mrad-2 0.1% BW. This capability allows us to measure plasmons in shock-compressed matter. In
applications to compressed aluminum experiments, the plasmon data determine the mass density
of 7 g cm-3 with a free electron density of ne = 4.7 x 1023 cm-3 and a temperature of 35,000 K. In
these extreme matter conditions, wavenumber resolved scattering visualizes the density and
pressure evolution by resolving correlations up to distances comparable to atomic scales. These
data allow accurate determination of pressure that is approaching 5 megabar	
   validating	
  
theoretical	
  models	
  for	
  the	
  thermodynamics	
  of	
  dense	
  matter.	
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Sub-MHz Optical Homogeneous Linewidth in Rare Earth Doped
Nanocrystals
Ph. Goldner1, A. Perrot1, R. Gonçalves1,2, D. Giaume1, M. Lovrić1 ,
C. Andriamiadamanana1 and A. Ferrier1
1

Institut de Recherche de Chimie Paris, CNRS
ENSCP, UPMC, 11, rue Pierre et Marie Curie, 75005 Paris, France
2
Departamento de Quimica, Universidade de Sao Paulo, Av. Bandeirantes, 3900 Ribeirao Preto, Brasil
philippe-goldner@chimie-paristech.fr

Nanostructured optical materials have potential applications in nanoscale sensing, imaging, and
quantum information processing (QIP). Providing extremely narrow optical and nuclear spin transitions
[1], rare earth (RE) ion doped crystals are especially promising for optical QIP. However, current
experiments are performed in bulk crystals, which prevents further advances, like coupling to
nanocavities or other nanoscale quantum systems, and efficient single rare earth detection. The interest
of nanostructuration is largely determined by the coherence lifetimes which can be achieved, as
dephasing in nanoscale materials can be much stronger than in bulk crystals. In particular, previous
studies on RE doped nanocrystals [2] reported homogeneous linewidths between 5 and 50 MHz,
whereas typical Rabi frequencies that can be obtained for RE transitions are in the MHz range. These
transitions were therefore too broad to be used in QIP.
Here, we report a homogeneous linewidth of 86 kHz (coherence lifetime 3.7 µs) in 60 nm
nanocrystals of europium doped Y2O3 at 1.3 K (Fig. 1) [3]. To our best knowledge, it is the narrowest
optical transition reported for any nanocrystal. It was measured on powders using our recent
observation of photon echoes in highly scattering media [4]. This result shows that RE doped
nanocrystals could be useful for QIP applications.

Fig. 1: Temperature dependence
of the homogeneous linewidth
measured by two-pulse photon
echoes.

References:
[1] R.M. Macfarlane, J. Lumin. 100, 2002, 1-20
[2] R.S. Meltzer et al., Phys. Rev. B, 64, 2001, 100201
[3] A. Perrot, P. Goldner, D. Giaume, M. Lovrić, C. Andriamiadamanana, R. R. Gonçalves, and A.
Ferrier, Phys. Rev. Lett. 111, 2013, 203601
[4] F. Beaudoux, et al., Opt. Express, 19, 2011, 15236-15243
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Frustration	
  and	
  glassiness	
  in	
  spin	
  models	
  with	
  
cavity-‐mediated	
  interactions	
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The	
  effective	
  spin-‐spin	
  interaction	
  between	
  three-‐level	
  atoms	
  confined	
  in	
  a	
  
multimode	
  optical	
  cavity	
  is	
  long-‐ranged	
  and	
  sign-‐changing,	
  like	
  the	
  RKKY	
  
interaction;	
  therefore,	
  ensembles	
  of	
  such	
  atoms	
  subject	
  to	
  frozen-‐in	
  positional	
  
randomness	
  can	
  realize	
  spin	
  systems	
  having	
  disordered	
  and	
  frustrated	
  interactions	
  
[1].	
  We	
  argue	
  via	
  a	
  mapping	
  to	
  the	
  Hopfield	
  neural	
  network	
  model	
  that,	
  whenever	
  
the	
  atoms	
  couple	
  to	
  sufficiently	
  many	
  cavity	
  modes,	
  the	
  cavity-‐mediated	
  
interactions	
  give	
  rise	
  to	
  a	
  spin	
  glass.	
  In	
  addition,	
  we	
  show	
  that	
  the	
  quantum	
  
dynamics	
  of	
  cavity-‐confined	
  spin	
  systems	
  is	
  that	
  of	
  a	
  Bose-‐Hubbard	
  model	
  with	
  
strongly	
  disordered	
  hopping	
  but	
  no	
  on-‐site	
  disorder;	
  this	
  model	
  exhibits	
  a	
  random-‐
singlet	
  glass	
  phase,	
  absent	
  in	
  conventional	
  optical-‐lattice	
  realizations.	
  We	
  briefly	
  
discuss	
  experimental	
  signatures	
  of	
  the	
  realizable	
  phases.	
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Optically-active hybrid nanostructures: Exciton-plasmon interaction,
injection of hot plasmonic electrons and chirality
Alexander Govorov
Department of Physics and Astronomy, Ohio University, Athens, OH, 45701,
Govorov@ohiou.edu
Excitons and plasmons in nanocrystals strongly interact via Coulomb and
electromagnetic fields and this interaction leads to the characteristic interference effects
observed in optical spectra [1-6]. An interaction between a discrete state of exciton and a
continuum of plasmonic states gives rise to Fano-like asymmetric resonances and antiresonances [2,4]. These interference effects can strongly enhance visibility of relatively
weak exciton signals and can be used for spectroscopy of single nanoparticles and
molecules. If a system includes chiral molecules, the exciton-plasmon interaction is able
to alter and enhance circular dichroism (CD) of chiral components [5]. Strong CD
signals also appear in purely plasmonic systems with a chiral geometry and a strong
particle-particle interaction [6]. Along with the near-field interactions, we investigate the
effect of plasmon-assisted carrier injection from metal nanocrystals to a semiconductor
contact or to adsorbed molecules [7]. We treat the problem of optically-driven metal
nanocrystal using the quantum-mechanical approach based on the equation of motion of
the density matrix. The energy distribution of optically-excited plasmonic carriers is very
different in metal nanocrystals with large and small sizes. In large nanocrystals, most
excited carriers have very small energies and the electron distribution resembles the case
of a plasmon wave in bulk. For gold nanocrystal with small sizes (less than 20nm), the
energy distribution of hot carriers has a large number of carriers with high energy.
Therefore, smaller nanocrystals are preferable for injection of plasmonic carriers into
semiconductors or into molecules on the surface. The physical reason for the above
behavior is the non-conservation of momentum in a nanocrystal. The geometry, type of
metal, and orientation of the external electric field are important to obtain high quantum
efficiencies of generation and injection of plasmonic electrons [7]. The results
considered here can be used to design a variety of plasmonic and optical nanostructures
for sensors, photocatalysis, and solar-energy applications.
1. A. O. Govorov, G. W. Bryant, W. Zhang, T. Skeini, J. Lee, N. A. Kotov, J. M. Slocik,
and R. R. Naik, Nano Letters 6, 984 (2006).
2. W. Zhang, G. W. Bryant, A. O. Govorov, Phys. Rev. Lett. 97, 146804 (2006).
3. J. Lee, P. Hernandez, J. Lee, A.O. Govorov, and N. A. Kotov, Nature Materials 6,
(2007).
4. M. Kroner, A. O. Govorov, S. Remi, B. Biedermann, S. Seidl, A. Badolato, P. M. Petroff,
W. Zhang, R. Barbour, B. D. Gerardot, R. J. Warburton, and K. Karrai, Nature 451, 311
(2008).
5. A.O. Govorov, Z. Fan, P. Hernandez, J.M. Slocik, R.R. Naik, Nano Letters 10, 1374
(2010); Z. Fan, A.O. Govorov, Nano Letters 10, 2580 (2010).
6. A. Kuzyk, R. Schreiber, Z. Fan, G. Pardatscher, E.-M. Roller, A. Högele, F.C. Simmel,
A. O. Govorov, T. Liedl, Nature, 483, 311 (2012).
7. A. O. Govorov, H. Zhang, Y. K. Gun'ko, J. Phys. Chem. C 117, 16616 (2013).
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When	
   a	
   quantum	
   dot	
   and	
  
plasmonic	
  system	
  are	
  resonantly	
  
coupled	
   by	
   an	
   optical	
   near	
   field,	
  
the	
   system	
   can	
   exhibit	
   a	
   Fano	
  
resonance,	
   resulting	
   in	
   a	
  
transparency	
   dip	
   in	
   the	
   optical	
  
spectrum	
   [1,	
   2].	
   	
   I	
   discuss	
   the	
  
nonlinear	
   optical	
   response	
   of	
  
such	
   a	
   system,	
   using	
   both	
   cavity	
  
quantum	
   electrodynamics	
   and	
   a	
  
semiclassical	
   coupled-‐oscillator	
  
models	
  [3].	
  	
  
	
  
For	
   the	
   experimentally	
   relevant	
  
case	
   of	
   meV	
   thermal	
   broadening	
  
of	
   the	
   quantum-‐dot	
   transition,	
  	
  
ultrafast	
   pulsed	
   excitation	
   of	
   the	
  
system	
   can	
   lead	
   to	
   a	
   reversal	
   of	
  
	
  
the	
   Fano	
   resonance,	
   with	
   the	
  
Figure	
   1.	
   (a)	
   30	
   nm	
   x	
   20	
   nm	
   	
   gold	
   nanoparticle	
  
induced	
   transparency	
   changing	
  
dimer	
  with	
  a	
  4	
  nm	
  diameter	
  Cd/Se	
  quantum	
  dot	
  in	
  
the	
   6	
   nm	
   gap.	
   (b)	
   Optical	
   spectra	
   inferred	
   from	
   into	
   a	
   superscattering	
   spike	
  
1).	
  
This	
  
phase	
  
excitation	
   by	
   20	
   fs	
   pulses	
   with	
   the	
   various	
   (Figure	
  
relationship	
  between	
  the	
  dipoles	
  
fluences	
  indicated.	
  	
  
of	
  the	
  plasmon	
  and	
  exciton	
  and	
  is	
  
a	
   new	
   example	
   of	
   the	
   ability	
   to	
   dynamically	
   control	
   coherent	
   optical	
   interactions	
   on	
  
the	
  nanoscale.	
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Metamaterial Huygens’ Surfaces
Anthony Grbic and Carl Pfeiffer
Department of Electrical Engineering and Computer Science,
University of Michigan, Ann Arbor, MI, USA, 48109-2122
agrbic@umich.edu

Metamaterials have provided unprecedented control over electromagnetic waves. However, their notable
thickness has often lead to fabrication challenges and loss. This has motivated the development of
metasurfaces: the two dimensional analog of metamaterials [1]. Metasurfaces are surfaces that are textured at
a subwavelength scale to achieve tailored electromagnetic properties. In this presentation, a new class of
metasurfaces, referred to as a metamaterial Huygens’ surfaces, will be described [2]. These metasurfaces can
steer, focus and manipulate the polarization of electromagnetic waves without reflection [2,3]. The surfaces
possess both electric and magnetic responses, which allow them to be impedance matched to the surrounding
space, thereby eliminating reflection loss.
Inspiration for this work on metasurfaces comes from the Surface Equivalence Principle in electromagnetics: a
vector form of the Huygens Principle. Using the Surface
Equivalence Principle, surfaces consisting of a distribution of
electric and magnetic polarizabilities are devised that
produce a desired transmitted field and a zero reflected field.
Given the excitation field and desired transmitted field, the
required current density on the metasurface is found using
the Surface Equivalence Principle. By taking the ratio of the
tangential field at the metasurface to the surface current
density, the electric and magnetic polarizabilities of the
Fig. 1: A plot showing the electric field
surface, or equivalently its electric and magnetic surface
magnitude on either side of a metamaterial
impedances, are computed. The electric surface impedance is
Huygens’ surface. The surface transforms an
simply the ratio of the tangential electric field at the surface
incident (from the left) 2D Gaussian beam to
to the electric surface current density. Similarly, the magnetic
a Bessel beam.
surface impedance is the ratio of the magnetic surface current
density to the tangential magnetic field. When illuminated by the source, such a surface (comprising of
collocated electric and magnetic surface impedances) excites the current distribution needed to produce a zero
reflected field and the desired transmitted field. For example, the Huygens’ surface in Fig. 1 converts a
normally incident Gaussian beam into a Bessel beam with less than 1% reflection. As will be shown in the
presentation, the required electric and magnetic surface impedances can be implemented as metallic patterns
textured at a subwavelength scale.
Microwave, millimeter wave and optical metasurfaces designed using the proposed procedure will be
presented. The metasurfaces can impart arbitrary phase shifts on electromagnetic waves passing through them,
as well as provide arbitrary polarization control. These surfaces will likely find a wide range of applications
including: single-surface lenses, polarization controlling devices, stealth technologies, and perfect absorbers
[1] C. L. Holloway, E. F Kuester, J. A. Gordon, J. O'Hara, J. Booth, and D. R. Smith, IEEE Antennas Propag. Mag., 54, 2, 10-35
(2012).
[2] C. Pfeiffer and A. Grbic, Phys. Rev. Lett., 110, 197401 (2013).
[3] C. Pfeiffer, A. Grbic, IEEE Trans. Microwave Theory Tech., 61, 12, 11 pages (2013).
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Steady-state superradiance via emergent order in a cold atomic vapor
Joel A. Greenberg* and Daniel J. Gauthier
Department of Physics and the Fitzpatrick Institute for Photonics, Duke University, Durham,
North Carolina 27708, USA

There has recently been much interest in the study of collective light-matter
interactions, where the dynamics of an individual scatterer depend on the state of the entire
multi-scatterer system. In contrast to systems in which the atom-atom coupling and scatter
mechanism are based on stimulated emission (e.g. lasers), ensembles displaying emergent,
global synchronization can lead to light sources [1] and materials [2] with novel properties.
Superradiance (or superfluorescence) is a particularly interesting example of this
phenomena. While early studies of superradiance focused on collective scattering via the
emitters’ internal degrees of freedom, recent work in cold atoms demonstrates that formally
identical behavior arises through the manipulation of the center-of-mass positions and
momenta of cold atoms: instead of the atoms scattering light individually, a self-assembled
density grating enables the entire ensemble to coherently scatter light as a single entity.
In this talk, I discuss my
observation
of
a
collective,
superradiant instability that results in
the steady-state emission of intense,
multimode optical fields from a cloud
of cold atoms [3]. Unlike in previous
works, superradiance occurs in the
absence of an optical cavity and
without
requiring
quantum
degeneracy. The system’s transition
	
  
to a superradiant state coincides with
Schematic	
  representation	
  of	
  the	
  dependence	
  of	
  
the onset of global spatial organization
collectivity	
  on	
  light-‐matter	
  coupling	
  strength	
  
in
three dimensions through the
	
  
breaking of continuous translation
symmetry in the cold atomic vapor. To explain and interpret these results, I discuss the
physical mechanism underlying this emergent self-organization in terms of a wave mixing
process [4] and map out the boundary between the normal and superradiant phases. This
result has applications in the areas of quantum information, all-optical switching,
multidimensional optical soliton formation, and the generation of tunable short-wavelength
light.
***
[1] J. G. Bohnet, Z. Chen, J. M. Weiner, D. Meiser, M. J. Holland, and J. K. Thompson, Nature
(London) 484, 78 (2012).
[2] S. Gopalakrishnan, B. L. Lev, and P. M. Goldbart, Phys. Rev. Lett. 107, 277201 (2011).
[3] J. A. Greenberg and D.J. Gauthier, Phys Rev A. 86, 013823 (2012)
[4] J. A. Greenberg and D. J. Gauthier EPL 98 24001 (2012)
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Dark-plasmons-induced gain without population inversion in
hybrid quantum dot-metallic nanoparticle system
Ying Gu1*, Dongxing Zhao1, Jiarui Wu1, Junxiang Zhang2, Tiancai Zhang2,
Brian D. Gerardot3, and Qihuang Gong1
1

State Key Laboratory for Mesoscopic Physics, Department of Physics, Peking University, Beijing
100871, China ,2State Key Laboratory of Quantum Optics and Quantum Optics Devices, Institute of
Opto-Electronics, Shanxi University, Taiyuan 030006, China, 3Institute of Photonics and Quantum
Sciences, SUPA, Heriot-Watt University, Edinburgh, EH14 4AS United Kingdom
Phone: +86-10-62752882, *e-mail: ygu@pku.edu.cn
Local field effects of surface plasmons enable strong and nonlinear light-quantum mitter interactions far
below the subwavelength scale [1,2]. Here, we proposed an initial-state-dependent gain without inversion
(GWI) of three-level -type quantum dot (QD) in the vicinity of the resonant metallic nanoparticle [3].
The gain originates from the self-interaction of quantum dot induced by the dark-plasmons of metallic
nanoparticle, accompanied by effective energy transfer from nanoparticle to quantum dot. The nonlinear
interaction of dark plasmons leads to an optimal distance where the gain reaches the maximum. While,
the order of dark plasmons of the metallic nanoparticle determines the gain regime of the quantum dot.
The hybrid systems should have potential applications in ultracompact tunable quantum dot nanolasers
and quantum logic gates.

Fig. (upper) The schematic diagram of hybrid
system composed of a -type three-level QD and
a metallic nanosphere. (right) Gain without
population inversion. (a) Gain of QD in the
|2|3 transition channel and (b) energy
absorption rate of MNP for trivial (black curve)
and GWI (red curve) solutions; (c) Populations of
QD for the GWI solution. (d) Population
dynamics of the QD.

References
[1] W. Zhang, A. O. Govorov, and G. W. Bryant, Phys. Rev. Lett, 2006, 97, 146804(4).

[2] A. Ridolfo, O.Di Stefano, N. Fina, R.saija and S.Savasta, Phys. Rev. Lett 2010, 105, 263601(4).
[3] Ying Gu, Dongxing Zhao, et al. Manuscript is finished.
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Session: Frontiers in Plasmonics: Oligomers
Schedule: Thursday Morning Plenary Session 1

Plasmonics: nanoparticles putting light to work
N. J. Halas
Rice University, Houston, TX 77005; halas@rice.edu
Noble metal nanoparticles, first used to impart intense and vibrant colors into materials,
have more recently become a central tool in the nanoscale manipulation of light, based
on their collective electronic resonances known as surface plasmons. [1] The surface
plasmons of adjacent nanoparticles in pairs or clusters, or, alternatively, in multilayer
geometries, interact to form new collective plasmon modes, as plasmonic artificial
molecules. [2] Within these more complex structures, a rich physics of coherent
phenomena, such as superradiance and electromagnetically induced transparency,
emerges, where these effects can be controlled by geometry and predictively designed
into each structure. [3] Coherent effects in plasmonic structures can be exploited in a
wide variety of ways to substantially enhanced capabilities for chemical sensing, down
to single molecule levels. [4] They also can be used to create new, tailored nonlinear
optical media. [5] These remarkable properties have also stimulated interest in
translating plasmonic properties into less costly and more isotopically abundant
materials, such as Aluminum. [6] Applications ranging from new approaches to
biomedicine [7] to new solar technologies [8] are currently in the works, with the
promise of positive impacts on people’s lives.
[1] N. J. Halas et al., Chemical Reviews 111, 3913-3961 (2011).
[2] H. Wang et al., Accounts of Chemical Research 40, 53-62 (2007).
[3] Jonathan A. Fan et al., Science 328, 1135-8 (2010). J. B. Lassiter et al., Nano Letters
10, 3184-3189 (2010).
[4] Jian Ye et al., Nano Letters 12, 1660-1667 (2012).
[5] Yu Zhang et al., PNAS, 110, 9215–9219(2013).
[6] M. W. Knight et al., Nano Letters 12, 6000-4 (2012).
[7] R. Huschka et al., ACS Nano 6, 7681-7691 (2012).
[8]O. Neumann et al., ACS Nano 7, 42-49 (2013); Oara Neumann et al., PNAS 110 (29)
11677-11681 (2013).
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Speaker: Byoung S. Ham
Session: Quantum information
Schedule: Wednesday Morning Invited Session 2

Rephasing-based solid state quantum memory
Byoung S. Ham*
Gwangju Institute of Science and Technology (GIST), S. Korea

A quantum coherence control is applied to photon echoes to extend storage time and to eliminate population
inversion-caused spontaneous emission noises. Photon echoes have intrinsic storage properties of multimode in time,
frequency, and space domains. The writing time or storage bandwidth is determined by inhomogeneous broadening
of the medium, where it is normally far beyond GHz in doped solids. Due to the rephasing mechanism of the
inhomogeneously broadened atoms or ions, the storage mechanism is based on the reversibility of collective atoms’
rephasing. However, this rephasing property causes a population inversion to the echoes resulting in quantum noises
via spontaneous or stimulated emission processes. Another intrinsic drawback of the original photon echoes for the
applications of quantum memories is a short storage time limited by atom’s phase decay time, normally far less than
a millisecond, where quantum repeaters need a much longer storage time in the orders of seconds or minutes.
In this talk I present a novel technique to eliminate the π-pulse-caused quantum noises via double rephrasing
technique [1]. I also present an optical
locking method to extend the storage time
by applying quantum coherence control
for the coherence swapping between
optical and spin states [2,3]. Moreover, by
adapting the three-pulse photon echo
property of population grating as a
storage mechanism, the final storage time
can be extended to spin population decay
time, which is far beyond a second. Thus,
this work can be applied for ultralong
quantum memories needed for quantum
repeaters at long-distance quantum
communications. Preliminary
experimental demonstrations are shown as a proof of principle of the ultralong quantum memory protocol [4].

*bham@gist.ac.kr
[1] B. S. Ham, Phys. Rev. A 85, 031402(R) (2012).
[2] B. S. Ham, Nature Photon. 3, 518 (2009).
[3] J. Hahn and B. S. Ham, New J. Phys. 13, 093011 (2011).
[4] B. S. Ham, New J. Phys. 14, 013003 (2012).
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Speaker: Greg Hartland
Session: Femtosecond microscopy in the single molecule limit
Schedule: Tuesday Morning Invited Session 2

Transient absorption microscopy studies of single metal and semiconductor
nanostructures
Shun Shang Lo, Todd A. Major, Mary Sajini Devadas, Kuai Yu and Gregory V. Hartland
Department of Chemistry and Biochemistry, University of Notre Dame, Notre Dame, IN 46556-5670,
USA; e-mail: ghartlan@nd.edu
Single particle spectroscopy is a powerful tool for studying nanomaterials. It is capable of
revealing information about how differences in size, shape and environment affect properties – which
is often hidden in ensemble measurements. In
this talk I will present results from transient
absorption experiments performed with
diffraction limited spatial resolution [1]. These
measurements allow us to study single
nanostructures, and provide information about
their dynamics that is washed out in ensemble
experiments. The systems that have been
investigated include metal nanowires and
nanoparticles, II-VI nanowires and carbon
nanostructures. The time scales range from a
few hundred fs to a few ns. The results provide
detailed information about how these materials
interact with their environment [2], and
trapping and recombination of electrons and
holes in semiconductor nanowires [3]. Transient absorption traces for a suspended nanowire over
a trench in water (top) and in air (bottom). The inset
Transient absorption images can also be shows the Fourier transform of the trace in air with a single
collected, and provide information about the peak at 24 GHz, corresponding to the breathing mode of
spatial variation of the dynamics, and how the the nanowire.
charge carriers move in a nanostructure [4].
[1] Shun Shang Lo, Todd A. Major, Mary Sajini Devadas, and Gregory V. Hartland, “Optical
Detection of Single Nano-objects by Transient Absorption Microscopy”, Analyst, 138, 25-31
(2013).
[2] Todd A. Major, Aurélien Crut, Bo Gao, Shun Shang Lo, Natalia Del Fatti, Fabrice Vallée, and
Gregory V. Hartland, “Damping of the Acoustic Vibrations of a Suspended Gold Nanowire in Air
and Water Environments” Phys. Chem. Chem. Phys., 15 (12), 4169-4176 (2013).
[2] Shun S. Lo, Todd Major, Nattasamon Petchsang, Libai Huang, Masaru Kuno and Gregory V.
Hartland, “Charge Carrier Trapping and Acoustic Phonon Modes in Single CdTe Nanowires”, ACS
Nano, 6 (6), 5274–5282 (2012).
[3] Shun Shang Lo, Hong Yan Shi, Libai Huang, and Gregory V. Hartland, “Imaging the extent of
plasmon excitation in Au nanowires using pump-probe microscopy”, Optics Letters, 38 (8), 12651267 (2013).
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Speaker: Helge Hattermann
Session: Atom-Surface Interactions
Schedule: Thursday Morning Invited Session 1

Atomic coherence on a superconducting microchip
Helge Hattermann, Simon Bernon, Patrizia Weiss, Daniel Bothner,
Martin Knufinke, Florian Jessen, Daniel Cano, Matthias Kemmler,
Reinhold Kleiner, Dieter Koelle & József Fortágh
CQ Center for Collective Quantum Phenomena and their Applications,
Physikalisches Institut, Eberhard-Karls-Universität Tübingen,
Auf der Morgenstelle 14, D-72076, Tübingen, Germany

Superconducting circuits in the microwave regime are one of the most promising candidates
for quantum information processing. However, while they can process quantum information
on very short timescales, they lack the ability to store information for extended periods of
time. A possible alternative would therefore be a hybrid quantum system, in which the quantum information is processed by superconducting circuits and stored in a different quantum
system with favorable coherence properties, such
as an ensemble of cold atoms trapped close to a
superconducting coplanar waveguide resonator.
In this talk, we report on the measurement
of the coherence of superposition states of 87 Rb
atoms trapped on a superconducting atom chip
at 4.2 K. We load ultracold atom into a magnetic trap based on superconducting microstructures and transport the atoms into the gap of
an off-resonant coplanar cavity. We demonstrate that the resonator itself can be used as a
persistent-current trap, rendering the use of externally driven and possibly noisy currents unnecessary.
We investigate the coherence of cold atoms by
Figure 1: Scheme of ultracold atoms means of Ramsey interferometry. We observe a
trapped in the gap of a coplanar cav- coherence of hyperfine ground state on the order
ity. The simulated trapping potential is of several seconds [1], several orders of magnitude
strongly modified by screening currents in larger than the coherence times of superconductthe ground planes of the resonator struc- ing qubits. This makes atomic ensembles attracture, which conserve the flux within the tive as potential quantum memory in a hybrid
architecture.
resonator gaps.
Furthermore we are able to create large thermal ensembles and Bose-Einstein condensates on the superconducting atom chip, paving the
way towards a collective enhancement of the coupling strength between cold atoms and superconductors.

[1] S. Bernon et. al., Nat. Commun. 4, 2380, doi:10.1038/ncomms3380 (2013)
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Speaker: Mark D. Havey
Session: Atom Interferometry, General Relativity, and Cold Atoms
Schedule: Wednesday Morning Invited Session 2

Forward light scattering from a dense and cold microscopic

87

Rb sample

M.D. Havey,1 Kasie J. Haga,1 S. J. Roof,1 I. M. Sokolov,2 and D.V. Kupriyanov2
1

2

Department of Physics, Old Dominion University, Norfolk, VA 23529
Department 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 topics of considerable interest. Random lasing in cold atomic gases is also an intriguing area of
investigation.
In this paper we present experimental results on near resonance forward scattering of light from a
cold and quite high density gas of 87 Rb 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
atomically dense sample; the response in the forward scattering direction is recorded as a function of time
and as an action, or excitation spectrum. The diﬀuse component of the scattered light can be separately
studied by time resolved or by polarization analysis of the signals. In the second conﬁguration, 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 for generation of a quasi one dimensional
conﬁguration through the sample center.
This research is supported by the National Science Foundation (Grant No. NSF-PHY-1068159).
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Speaker: Mark D. Havey
Session: Poster Session
Schedule: Poster Session

Induced narrow resonances in two-photon excitation of atomic Cs
1

A.S. Sieradzan1 , E. Arimondo†+ , M.D. Havey3
Department of Physics, Central Michigan University, Mt. Pleasant, MI 48859
+
INO-CNR, Dipartimento di Fisica E. Fermi,
Università di Pisa, Largo Pontecorvo 3, I-56127 Pisa, Italy
† CNISM UdR Pisa, Dipartimento di Fisica E. Fermi,
Università di Pisa, Largo Pontecorvo 3, I-56127 Pisa, Italy and
3
Department of Physics, Old Dominion University, Norfolk, VA 23529∗

We report investigation, in a warm atomic Cs vapor, of narrow Autler-Townes resonances produced in a veetype configuration associated with a single intense laser beam. The induced doublets appear spectrally close
to dipole-forbidden hyperfine transitions, e.g. the 6s2 S1/2 (F = 4) → 6p2 P3/2 (F ′ = 5) → 7s2 S1/2 (F ” = 3)
transition. The resonances can be surprisingly intense, with signals on the order of a percent of normally
allowed transitions. Such resonances should appear universally for systems, such as alkali atoms, with excited
state hyperfine multiplet structure. Partially supported by the National Science Foundation.

FIG. 1: LEFT: Probe scan of the 6s2 S1/2 (F = 4) → 6p2 P3/2 (F ′ = 5) → 7s2 S1/2 (F ” = 3) transition showing the
narrow doublet feature and the stronger allowed 6s2 S1/2 (F = 4) → 6p2 P3/2 (F ′ = 5) → 7s2 S1/2 (F ” = 4) transition.
RIGHT: Pump power dependence of the weak spectral feature shown on the left. The Autler-Townes doublet splitting
is linear with the pump field Rabi frequency.

∗ Electronic

PQE-2014

address: mhavey@odu.edu

142

Speaker: Zhe He
Session: Poster Session
Schedule: Poster Session

Towards Surface-Enhanced Imaging with Double-Tip Nanoantennas
Zhe He,1, 2 Dmitri V. Voronine,2 Alexei V. Sokolov,2 and Marlan O. Scully2, 3, 4
1

Xi’an Jiaotong University, Xi’an, Shannxi, China 710049
2
Texas A&M University, College Station, TX 77845
3
Princeton University, Princeton, NJ 08544
4
Baylor University, Waco, TX 76798

Double-tip optical nanoantenna properties are theoretically investigated for improved surface enhancement
and applications to imaging based on Raman spectroscopy. Two identical gold nanospheres with a 200
nm diameter are coupled to a gold surface. Optical excitation generates gap plasmons which improve this
double-tip nanolens performance compared to a combination of two separate nanoantennas. Large gold sphere
surface can improve the nanofocus (hotspot intensity) [1].

FIG. 1: Double-tip nanoantenna made of two gold nanospheres in the vicinity of a gold surface. The hot spots in the
gaps between the spheres are enhanced and can be used for spectroscopic imaging.

We use the Multiple Elastic Scattering of Multipole Expansions (MESME) code [2, 3], to investigate how the
electric and magnetic near-field enhancement depends on the structural parameters. We compare the results
with dipole nanoantennas to test the effects of the gold surface. Then we vary the gaps of the two tips to
research the gap’s influence on the near-field enhancement.

[1] K. Li, M. I. Stockman and D. J. Bergman, Self-similar chain of metal nanospheres as an efficient nanolens, Phys.
Rev. Lett. 91, 227402 (2003)
[2] F. J. Garcia de Abajo and A. Howie, Relativistic electron energy loss and electron-induced photon emission in
lymphogenous dielectrics, Phys. Rev. Lett. 80, 51805183 (1998)
[3] F. J. Garcia de Abajo, Multiple scattering of radiation in clusters of dielectrics, Phys. Rev. B 60, 60866102 (1999)
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Speaker: Philip Hemmer
Session: Spectroscopic Tools for Use in Complex Media
Schedule: Thursday evening invited session

Bio-sensing opportunities
for quantum-optical emitters
Philip Hemmer
Electrical & Computer Engineering Department, Texas A&M University

There has been much recent interest in nitrogen-vacancy (NV) color centers in diamond for
quantum optical bio-sensing. A number of bio-sensing applications have been explored and
demonstrated. Among the advantages of the NV are excellent photo-stability, low toxicity, and
the ability to detect multiple parameters like magnetic and electric fields, and temperature with
high precision. The NV may also eventually enable single bio-molecule imaging.
However the NV is not ideal and has some important limitations. In this talk I will review the
strengths and weaknesses of the NV center and discuss several other candidate materials.
Briefly these include most any material that exhibits optically detected magnetic resonance
(ODMR). It also includes rare earth ions in a variety of host crystals, and even other color
centers in diamond, like the silicon-vacancy. To provide context, I will also briefly discuss some
representative problems in bio-sensing.
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Speaker: Carsten Henkel
Session: Poster Session
Schedule: Poster Session

Two-photon interferences with a virtual polarizer and a nonlocal phase shifter
Dirk Puhlmann, Axel Heuer, Ralf Menzel, and Carsten Henkel
Institute of Physics and Astronomy, University of Potsdam, Germany

henkel@uni-potsdam.de

We present two-photon interferences with polarizationentangled twin beams created by type II spontaneous parametric down-conversion (Fig. 1). The signal photon is sent
into a Mach-Zehnder interferometer, where the first beam
splitter (marked PBS) is polarization sensitive. If we assume
that the signal photon has either horizontal (H) or vertical
(V ) polarization, it is sent into one or the other arm of the
interferometer and it cannot “interfere with itself”. The idler
photon is sent to a detector equipped with turnable polarization filters. We select those signal and idler photons whose arrival times are consistent with a common origin in the source.
In these events, due to a delay of approx. 10ns in an optical
fibre, the signal photon is actually detected before the idler
photon. In the coincidence signal, we can observe fringes as
the path difference ∆l of the Mach-Zehnder interferometer is
scanned. The phase can also be scanned by turning a birefringent crystal on the idler side, realizing a “nonlocal phase
plate” which is not physically present in the signal beam line.
The fringe contrast is zero for a horizontal or vertical polarizer (α1 = 0◦ , 90◦ ), as the idler is then correlated with
welcher Weg information of the signal photon (data shown in
Fig. 2(left)). The contrast is maximal when the idler photon
is detected with a polarization filter oriented at α1 ≈ 40◦
(“quantum eraser” [1]).
In the language of quantum state collapse, the detection
of the idler in a tilted polarization projects the signal photon
into a superposition state (oriented midway between H and
V ) so that interference between the two arms becomes possible. This “collapse” picture should not be taken literally,
however, since the signal photons have been detected before
(“delayed choice”). To highlight this issue, we take data on
the idler side with two different polarizer angles α1,2 (detectors DI1 , DI2 ), fed randomly after splitting the beam. In the
zero-contrast data of Fig. 2(right), α2 is set to optimize the
welcher Weg information, while α1 is scanned. This may lead
to the weird conjecture that the firings of DI1 and DI2 transmit random signals into the past that the signal photon should
either behave as a wave (superposition of polarization states)
or a particle (taking one of the interferometer arms tagged by
H or V ) [2]. One should remember, however, that no information about wave or particle behavior can be extracted from
single events on the signal side: the interference emerges only
after sifting through the ensemble of detection events. An
alternative description would be based on “interfering histories” in the configuration space governed by a two-photon
wave function [3]. Non-local (causally disconnected) correlations between signal and idler detection events naturally
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arise in this picture because the two events share a common
past (the simultaneous birth of the two photons in the nonlinear crystal) and their correlations are unravelled only in a
common future (when the registered clicks are binned).
We compare the experiment to related setups [4].

Fig. 1. Sketch of the experimental beam lines.

Fig. 2. (left) visibility (V 2 ) of interference fringes in coincidence
vs. polarization angle of idler photon. The points marked D2 give
the amount of welcher Weg information that can be inferred from
the idler photon (distinguishability). (right) Fringe visibility vs.
polarizer angle of other idler detector, under conditions of maximum D2 .

References
[1] M. O. Scully and K. Drühl, Phys. Rev. A 25 (1982)
2208; M. O. Scully, B.-G. Englert, and H. Walther, Nature
351 (1991) 111.
[2] Y. Aharonov and M. S. Zubairy, Science 307 (2005) 875.
[3] M. H. Rubin & al, Phys. Rev. A 50 (1994) 5122; D. V.
Strekalov & al, Phys. Rev. A 57 (1998) 567.
[4] T. J. Herzog & al, Phys. Rev. Lett. 75 (1995) 3034; S. P.
Walborn & al, Phys. Rev. A 65 (2002) 033818; A. Peruzzo
& al, Science 338 (2012) 634; F. Kaiser & al, Science 338
(2012) 637; X.-S. Ma & al, Proc. Natl. Acad. Sci. U.S.A.
110 (2013) 1221.
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Speaker: Ortwin Hess
Session: Flat optics based on Metasurfaces: Science and Applications
Schedule: Monday evening invited session

Active Metasurfaces: From Loss-Compensation to
Stopped-Light Lasing
Ortwin Hess
The Blackett Laboratory, Department of Physics, Imperial College London,
Prince Consort Road, London SW7 2AZ, United Kingdom
E-mail: o.hess@imperial.ac.uk
Since their conception more than 50 years ago, lasers have undergone tremendous miniaturization
resulting in the recent experimental demonstration of lasing from nano-sized volumes [1]. At the
same time, active gain-enhanced metasurfaces, originally conceived to compensate metamaterial
losses [2], have recently shown to provide a new route to feedback and to concentrate light into
mode volumes that are no longer limited by diffraction, allowing for ultrafast lasing of bright and
‘dark light’ [3].
Here, we propose and numerically explore the concept of stopped-light lasing, whereby photons
are trapped and amplified in space just at the point of their emission. We demonstrate that, at the
stopped-light point, a stable lasing mode can form over a finite region of gain material due to the
arising local (cavity-free) feedback (Fig.1c). The limits of this localization are investigated for
two distinct modes of the metal-dielectric stack structure – predominantly photonic and
plasmonic in nature. We find that the observed dynamics (Fig.1b) are determined by the range of
available k states, which, in turn, is related to the local flatness of the band at the stopped-light
points (Fig.1a). The physics of stopped-light lasing may thus open the door to cavity-free
nanolasing.

Fig. 2: (a) Mode dispersion of the planar stopped-light structure showing two stopped-light points in the TM2 mode.
(b) Characteristic single-mode relaxation oscillations with a period of around 10ps are observed in the temporal
evolution of the population inversion and the field energy. (c) Schematic of a stopped-light laser.

References
[1] P. Berini and I. de Leon, Nat. Photon. 6, 16 (2011).
[2] O. Hess et al., Nat. Mater. 11, 573 (2012).
[3] O. Hess et al. Science 339, 654 (2013).
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Session: Frontiers of micro- and nanolasers
Schedule: Tuesday Morning Invited Session 2

An electrically pumped quantum well exciton-polariton laser
C. Schneider1, A. Rahimi-Iman1, N. Y. Kim2,3, J. Fischer1, I. G. Savenko4,5, M. Amthor1,
M. Lermer1, A. Wolf1, L. Worschech1, V. D. Kulakovskii6, I. A. Shelykh4,5, M. Kamp1, S. Reitzenstein,1,7,
A. Forchel1, Y. Yamamoto2,8, S. Höfling1
1
Technische Physik, Universität Würzburg, Würzburg, Germany
E. L. Ginzton Laboratory, Stanford University, Stanford CA, USA.
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Institute of Industrial Science, University of Tokyo, 4-6-1 Komaba, Meguro-ku, Tokyo 153-8505, Japan
4
Science Institute, University of Iceland, Dunhaga 3, IS-107, Reykjavik, Iceland
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Division of Physics and Applied Physics, Nanyang Technological University 637371, Singapore
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Institute of Solid State Physics, Russian Academy of Science, Chernogolovka 142432, Russia
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Institut für Festkörperphysik, Technische Universität Berlin, Hardenbergstraße 36, D-10623 Berlin, Germany
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National Institute of Informatics, Hitotsubashi, Chiyoda-ku, Tokyo 101-8430, Japan
2

Semiconductor diode lasers play a major role in everyday life in our information society. These lasers generate
coherent light by stimulated emission of photons. In contrast, laser-like operation can be obtained also by stimulated
scattering of bosonic quaisparticles called exciton-polaritons into the ground state of strongly coupled light-matter
systems in microcavities (see a schematics in Fig. 1) [1]. This polariton laser regime can be reached with pump
thresholds orders of magnitude lower than conventional lasing. The exciton-polaritons decay by the leakage of
photons from a cavity, which produces a monochromatic and coherent light output. While sub-threshold emission
from polariton light emitting diodes has been reported by various groups [2-4], by utilizing a magnetic field as a tool
and probe for polaritonic lasing, we report in this talk exciton-polariton laser operation under electrical pumping [5],
which is essential for developing practical applications.
In order to characterize the three different operation regimes of our device, we performed polarization selective
and magnetic field dependent emission. Figure 2 summarizes the energetic difference between the σ +-polarized and
σ--polarized light yielding the
Zeeman splitting. In the linear
non-lasing regime, the Zeeman
splitting is a linear function of
magnetic field, while an initial
quenching of the Zeeman
splitting is observed above the
polariton threshold. For higher
drive currents, a transition from
strong to weak coupling is
observed and one crosses the
regular photon lasing threshold.
As expected, no magnetic field
dependent mode splitting can be Fig. 1 Schematics of the Fig. 2Magnetic field dependent Zeeman splitting of the
observed in the photonic lasing strongly coupled quantum well quantum well microcavity sample in the regimes
case.
microcavity diode structure that operating below threshold, above the polariton laser
In order to characterize the th ree diffe rent operation regimes of ou r device, we pres ent polarizati on s elective and magnetic field dependent emis s ion s pectra in Fig. 1. Figure 1a s hows the grou nd s tate s ignal of the L P below the po lariton las ing t hres hold, Fig. 1b in the as s igned polarit on las er regime and Fig. 1c in the hi ghly photo nic regime.

In Fi g. 1a, the energetic di fference between the σ + and σ- polarized lig ht yields the Zeeman s plit ting, which monotonically increas es with increas ing magnetic field i n this linear regime. In add ition to t he Zeeman s plittin g, the modes experience a diamagnetic blues hi ft of 0.16 meV.

Above the polariton las er th res hold, a les s pronounced but well vis ible mode s plitting can be obs erved for res pective magnetic fields in the pola rization res olved s pectra dis played in Fig. 1b. This indicates a polariton -interacti on dependent decreas e of the Zeeman s pli tting in t he polariton las ing regime, evidencing an excitonic component bei ng therewith a p roof o f the hyb rid ligh t-matte r nature o f polari tons . Figure 1c p res ents polarization res olved magnetic field dependent s pectra reco rded above the s econd thres hold. As expected, no magnetic f ield dependent mode s plit ting can be obs erved.

facilitates polariton lasing
under electrical pumping.

threshold and above the photon laser threshold.
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(2008)
[3] D. Bajoni, E. Semenova, A. Lemaître, S. Bouchoule, E. Wertz, P. Senellart, and J. Bloch, Phys. Rev. B 77, 113303
(2008)
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[5] C. Schneider, A. Rahimi-Iman, N. Y. Kim, J. Fischer, I. G. Savenko, M. Amthor, M. Lermer, A. Wolf, L. Worschech, V.
D. Kulakovskii, I. A. Shelykh, M. Kamp, S. Reitzenstein, A. Forchel, Y. Yamamoto, S. Höfling, Nature 487, 348 (2013)
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Speaker: Chris Hogan
Session: Optically Active Nanostructures and Related Applications
Schedule: Thursday evening invited session

Vapor Phase Synthesis of Nanoscale Gold Aggregates
Christopher J. Hogan, Seungkoo Kang, Vivek Rawat, Hui Ouyang, & Seongho Jeon
Department of Mechanical Engineering, University of Minnesota, Minneapolis, MN
This presentation focuses on vapor phase synthesis of gold nanoparticle aggregates and
the use of online instrumentation to assess aggregate morphology. Specifically, we show that via
passing electrical current through a gold coated platinum wire, it is possible to synthesize
nanometer scale gold aggregates, composed of tens to thousands of sub-10nm primary particles
which are partially coalesced with one another. The mechanism of particle formation appears to
be the homogenous nucleation of gold vapor molecules, and aggregate formation is facilitated by
gold nanoparticle-nanoparticle collisions at reduced temperature, subsequent to nucleation. The
entire process occurs on a subsecond scale, and by controlling both the current passing through
the platinum wire as well as the amount of dilution gas used.
We use ion mobility spectrometry to assess the size distribution function of the
aggregates in an online system, sampling gold aggregates after formation. Tandem ion mobility
spectrometry-mass spectrometry- inductively coupled plasma mass spectrometry (IMS-ICP-MS)
to assess to gold mass per aggregate as a function of aggregate size. These measurements, when
coupled to transmission electron microscopy, suggest that the synthesized gold aggregates are
quasifractal in nature, i.e. under a given set of synthesis conditions, the number of gold primary
spheres for aggregate scales with the aggregate radius of gyration raised to the power fractal
dimension, where the fractal dimension varies between 1.0 and 3.0. Finally, by connecting the
gold aggregate generator to nozzle and actuator, we show that a solvent-free gold nanoparticle
printer can be constructed, and it is possible to print gold lines with sub-millimeter resolution.
Printed gold lines are black in color, suggesting that gold aggregates exhibit broad-band
absorption behavior, presumably brought about the polydispersity of both the gold primary
spheres and the aggregates themselves.
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Speaker: John Howell
Session: Novel techniques for improved resolution in optics and laser spectroscopy
Schedule: Monday evening invited session

Compressive Quantum Sensing
John C. Howell,
Dept of Physics and Astronomy, University of Rochester, Rochester NY, 14627, USA
Compressive sensing utilizes sparsity to realize efficient image reconstruction. It is a valuable
processing technique when cost, power, technology or computational overhead are limited or
high. In the quantum domain technology usually limits efficient acquisition of weak or fragile
signals. I will discuss the basics of information theory, compression, and compressive sensing. I
will then discuss our recent work in compressive sensing. The topics of discussion include lowflux laser Radar, photonic phase transitions, high resolution biphoton ghost imaging, Ghost
object tracking, 3D object tracking and high dimensional entanglement characterization. I will
touch lightly on our current work of rapid wavefunction reconstruction and wavefront sensing.
As an example (shown below), we were able efficiently and rapidly reconstruct high dimensional
joint probability functions of biphotons in momentum and position. With conventional raster
scanning this process would take approximately a year, but using double-pixel compressive
sensing, the pictures were acquired in a few hours with modest flux.
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Speaker: Jiazhong Hu
Session: Poster Session
Schedule: Poster Session

Towards Generating Entangled Spin States
for Quantum Metrology by Single-Photon
Detection
Robert McConnell, Hao Zhang, Senka Ćuk, Jiazhong Hu, Monika H. Schleier-Smith, Vladan Vuletić

We propose and analyze a probabilistic but heralded scheme to
generate pure, entangled, non-Gaussian states of collective spin in
large atomic ensembles by means of single-photon detection. One
photon announces the preparation of a Dicke state, while two or more
photons announce Schrodinger cat states. The method produces pure
states even for finite photon detection efficiency and weak atomphoton coupling. The entanglement generation can be made quasideterministic by means of repeated trial and feedback, enabling
metrology beyond the standard quantum limit.
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Speaker: Libai Huang
Session: Spectroscopic imaging: from physics to medicine - 1
Schedule: Monday Morning Invited Session 2

Elucidating Energy Relaxation in Single Nanostructures with
Ultrafast Microscopy
Libai Huang, Bo Gao, Hongyan Shi, and Sasa Zaric
University of Notre Dame, Notre Dame, IN, 46556, USA
E-mail: lhuang2@nd.edu

The frontier in renewable energy research now lies in designing mesoscale
functionalities from nanostructured and molecular components. One key research
challenge is to integrate functional entities across multiple length scales in order to
achieve optimal energy flow. To attack the above-mentioned frontier, we aim to
understand multiscale energy flow across both multiple length and time scales,
coupling simultaneous high spatial, structural, and temporal resolution. In my talk, I
will focus on our recent progress on unraveling energy relaxation and propagation
pathways in single nanostructures employing ultrafast optical microscopy.
We have probed environmental-dependent energy relaxation pathways in single
nanostructures
by
TAM
TAM
AFM
single-particle transient
0 ps
1.25 ps
absorption microscopy
(TAM).1-3
Figure 1
shows an example of
TAM
experiments
performed
on
suspended
and
Figure 1 Correlated AFM and TAM images for suspended graphene
substrate-supported
at two different delay times. Scale bars: 2 µm
1
graphene on SiO2.
We observed that the hot phonon effect occurs at much lower excitation intensity for
suspended graphene compared to substrate-supported graphene. We have also
initiated an investigation into exciton dynamics in graphene-like 2D atomically thin
crystals.2 Exciton dynamics for the monolayer and few-layer structures were found to
be remarkably different from those of the bulk. Fast trapping of excitons by surface
trap states was observed in both monolayer and few-layer structures, pointing to the
importance of controlling surface properties in atomically thin crystals such as MoS2
in addition to controlling their dimensions.2
Another challenge in nanotechnology research is inhomogenous distributions of size,
shape, and surface properties of nanoparticles in as synthesized samples. We have
successfully demonstrated structure-specific transient absorption imaging of singlewalled carbon nanotubes as a way to investigate intrinsic relaxation pathways.3
Energy relaxation in individual metallic nanotubes was observed with decay
constants of a few hundred fs and about 10 ps. We attributed the fast and slow decay
components to carrier scattering by optical and acoustic phonons, respectively.
References
[1]
Gao, B.; Hartland, G.; Fang, T.; Kelly, M.; Jena, D.; Xing, H. G.; Huang, L. Nano Lett
2011, 11, 3184.
[2]
Shi, H.; Huang, L.; et.al.; ACS Nano 2013, 7, 1072.
[3]
Gao, B.; Hartland, G. V.; Huang, L. J Phys Chem Lett 2013, 4, 3050.
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Qaser in an optomechanical system
Wayne Cheng-Wei Huang and Marlan O. Scully
Texas A&M University, College Station, TX 77843, USA
Abstract. The quantum amplification by superradiant emission of radiation is
abbreviated as qaser [1]. In the original proposed qaser scheme, the atomic gas is
coupled with the superradiant photon field. The high-frequency superradiant field can
be amplified through the modulation of atomic population at the difference frequency.
Such an amplification mechanism may find applications in generating coherent X-ray
using infrared light.
Besides of coupled atom-field systems, optomechanical systems may also be used
to facilitate the qaser mechanism. In the optomechanical system shown in Figure 1,
two movable mirrors are coupled through the cavity photon field and become coupled
harmonic oscillators. The input photons of the difference frequency are converted to
high-frequency photons through sideband generation as they reflect from the movable
mirrors [2]. These high-frequency photons can resonantly drive the collective mode of
the coupled system. As a result, amplified high-frequency signal is generated through
inputting difference frequency light to the optomechanical system.

Figure 1. A common photon field (yellow) can couple two movable mirrors in a cavity.
The optomechanical system thus becomes two coupled harmonic oscillators. The
coupled system has two resonance frequencies, ωhigh and ωlow , for the two collective
modes. Through sideband generation, the movable mirror can convert the inputting
photons (red) of the difference frequency, ∆ω = ωhigh −ωlow , to high-frequency photons
(blue). These high-frequency photons can excite the high-frequency collective mode of
the coupled system, resulting in an amplified output signal of ωhigh .

[1] A. A. Svidzinsky, L. Yuan, and M. O. Scully, Phys. Rev. X 3, 041001 (2013).
[2] F. Marquardt and S. M. Girvin, Physics 2, 40 (2009).
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Nanoantenna dimers as SEIRS substrate
C. Huck1, F. Neubrech1,2, J. Vogt1, A.Toma3, T. Härtling4, E. di Fabrizio3, and A. Pucci1
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Plasmon-polariton excitations of metal nanoparticles can couple to vibrational excitations of similar
energies, which enables strong vibrational signal enhancement in the infrared (IR). Due to the highly
localized and enhanced near field of a nanostructure, vibrational signals appear up to several orders of
magnitudes stronger than the signals in purely vibrational systems [1]. Additional signal enhancement is
theoretically predicted and can be achieved by exploiting the
extraordinary field enhancement of two antennas interacting
across a very small gap in the nm range.
Since the preparation of gaps by conventional electron beam
lithography is limited in the nm range, we applied photochemical induced metal deposition [2] to narrow the gap
between two lithographically prepared nanorods. Covering
the nanoantennas on the substrate with a solution of HAuCl4
and selectively illuminating them with laser light, leads to a
reduction of the gold salt. As a result, the nanorods grow and
the gap shrinks. This process can be monitored with IR
microscopic spectroscopy. In this contribution, we show
changes of the optical properties of nanorods that were
grown by this method and correlate them with geometrical
changes imaged by scanning electron microscopy. Figure 1a
shows a selection of different antenna dimers with
decreasing gap sizes down to 4 nm. By narrowing the gap
the inter particle coupling is increased which leads to a red
shift of the fundamental excitation. In addition to the red
shift a second peak is visible in the spectra which can be
assigned to the antibonding combination of the l=1
excitations of the two antenna arms. In the talk we will
discuss the appearance of all different excitations and their
origin.
Figure 1: (a) Relative transmittance of an
individual nanoantenna (blue), nanoantenna
dimers with decreasing gap sizes (20 nm down
to below 4 nm) from top to bottom (black), and
a merged nanoantenna dimer (red). The mode
notations “a” and “b” refer to the antibonding
and bonding combinations, respectively. [3] (b)
Single nanoantenna dimer covered with a thin
layer of CBP molecules acting as a near field
probe.

The dimers with shrunken gaps were covered with a 5 nmthick layer of an organic molecule (CBP) which was used as
a near field probe in order to investigate the SEIRS activity
in dependence of the gap size. Figure 1b shows the
vibrational signals of this layer enhanced by a dimer
featuring a gap size of approximately 8 nm. In the talk we
will discuss the additional enhancement of molecular
vibrations which can be obtained by using small gaps as a
substrate for surface enhanced infrared spectroscopy.

[1] Neubrech, F. et al., Phys. Rev. Lett., Vol. 101, No. 15, 157403, 2008.
[2] Härtling, T. et al., Nanotechnology, Vol. 21, No. 14, 145309, 2010.
[3] Neubrech, F. et al., ACS Nano, Vol. 6, No. 8, 7326-7332, 2012.
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Generation of Numerous Raman Sidebands for Fourier Synthesis
of an Ultrashort Optical Pulse beyond the 1-fs Barrier
Yuichiro Kida,1 Kazuki Sakamoto,1 Osamu Shitamichi,1 Tomoya Okuno,1
Tomoko Imasaka,2 and Totaro Imasaka1
1
Graduate School of Engineering, Kyushu University, Fukuoka, Japan
2
Gradiate School of Design, Kyushu University
The pulse width of an electromagnetic wave is determined by the frequency band width of the wave used.
Therefore, one femtosecond is the ultimate in pulse width for an “optical” wave. Several methods have been
proposed for the generation of an ultrashort optical pulse. For example, the two-color stimulated Raman effect
discovered as the result of a defect in a laser [1] would be a candidate for generating an ultrashort optical pulse,
thus breaking the 1-fs barrier [2].
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To generate an optical pulse
shorter than 1 fs, it is necessary
to use a frequency domain
wider than 30,000 cm-1. Figure
Figure 1 Spectrograph of the high-order Raman sidebands generated by four1 shows the spectrograph of
wave Raman mixing of molecular hydrogen.
the Raman sidebands
generated by introducing a femtosecond two-color beam (3 = 802 nm, 50 fs; 2 = 1202 nm, 35 fs) as a pump
beam and a femtosecond one-color beam (6 = 401 nm, ca. 50 fs) as a seed beam into a hydrogen gas [3].
More than 10 vibrational Raman sidebands are generated simultaneously. The band width exceeds 4155  11
= 45,700 cm-1, which is sufficient for the generation of a 1-fs optical pulse. It would be possible to observe the
vacuum ultraviolet (VUV) Raman sidebands. However, strong absorption bands (Shumann-Runge) arising
from an oxygen molecule prevents the observation of the emission at shorter wavelengths.

Signal Intensity

A variety of techniques have been developed for measuring the pulse width of a laser. However, none are
capable of being applied to the measurement of an optical pulse as short as 1-fs. For example, it is necessary
to use a non-linear optical phenomenon that covers 25,000 - 50,000 cm-1 (200 - 400 nm, one octave) for the
measurement of a 1.2-fs optical pulse using an autocorrelator. Moreover, a knowledge of the exact pulse width
at the point of application is necessary for its practical use, since the dispersion of the material such as window
optics and even the surrounding air severely expands the 1-fs pulse. In order to solve this problem, an approach
involving the use of a mass spectrometer as a two-photon- response device has been proposed. For this purpose,
it would be desirable to find a suitable chemical species that can
undergo two-photon ionization in a very wide spectral region. Several
8
organic molecules were found as candidates for this [4]. For example,
6
1,4-dioxane can be used in the frequency domain of 34500 – 59000 cm1
(0.71 octave, 170-290 nm). Figure 2 shows an autocorrelation trace of
4
the third harmonic emission of a femtosecond Ti:sapphire laser (267
2
nm) using 1,4-dioxane [5]. We are convinced that an ultrashort optical
pulse beyond the 1-fs barrier can be generated by Fourier synthesis of
0
the Raman sidebands and measured after suitable pulse compression.
[1] T. Imasaka, S. Kawasaki, N. Ishibashi, Appl. Phys. B 49, 389 (1989).
[2] S. Yoshikawa, T. Imasaka, Opt. Commun. 96, 94 (1993).
[3] O. Shitamichi, T. Imasaka, Opt. Express 20, 27959 (2012).
[4] T. Imasaka, T. Imasaka, Opt. Commun. 285, 3514 (2012).
[5] T. Okuno, T. Imasaka, Y. Kida, T. Imasaka, Opt. Commun. 310, 48 (2013).
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Investigating and manipulating atom-surface interactions
Francesco Intravaia
Institut fuer Physik, Humboldt-Universitaet zu Berlin, Newtonstr. 15, 12489 Berlin, Germany

Nowadays, small objects (atoms, nano-particles,
etc.) can be very precisely manipulated and brought in
close proximity of a macroscopic object. At distances
of the order of a few micrometers or less the interaction
with the (quantum and classical) electromagnetic fluctuations play a fundamental role leading to a panoply
of phenomena. One example is the generally attractive van der Waals/Casimir-Polder force which sets a
limit to the closest trapping distance for atoms near a
surface [3] (see fig.1).
Recent theoretical [2] and experimental investigations have shown that, using the interplay of material
properties, thermodynamics and geometry, such interactions are tunable in strength and sign [4] (see fig. 2).
This talk discusses recent results focusing on
these aspects. I will show how these phenomena
can be controlled and manipulated to design new experimental setups for the investigation of fundamental concepts and promising multifunctional nanoscopic
devices.

Trap
Atom prepared
in a well defined
state

Lost atom

Fluctuating Field

Distance from
the surface

Surface at temperature T

Figure 1: In a magnetic trap, the field fluctuations
near a surface (Johnson noise) can induce spin
state transitions, leading to the loss of atoms [1]. If
the trapping potential is not strong enough, the attractive Casimir-Polder force generates atom loss
at short distance from the surface [2, 3].

Water
Au
PTFE

References
[1] C. Henkel, S. Poetting, and M. Wilkens, Appl. Phys. B
69, 379 (1999).

Figure 2: Schematic configuration of a “Casimir
[2] F. Intravaia, C. Henkel, and M. Antezza, in Casimir Trap” for oblate objects immersed in a fluid. A
Physics, Vol. 834 of Lecture Notes in Physics, edited low-permittivity oblate body (disk-shaped object,
by D. Dalvit, P. Milonni, D. Roberts, and F. da Rosa here made of Polytetraflouroethylene) above a thin
(Springer, Berlin / Heidelberg, 2011), pp. 345–391.
metal (Au) substrate (plate with a hole) immersed
in a fluid of intermediate permittivity (water) will
[3] R. Folman, P. Krüger, J. Schmiedmayer, J. H. Denexperience a meta-stable equilibrium (restoring
schlag, and C. Henkel, Adv. At. Mol. Opt. Phys. 48, 263
force) near the center of the hole [4].
(2002).
[4] A. W. Rodriguez et al., Phys. Rev. Lett. 111, 180402
(2013).

PQE-2014

1

155

Speaker: Frank Jahnke
Session: Frontiers of micro- and nanolasers
Schedule: Tuesday Morning Plenary Session 2

Non-classical light emission from quantum dots in optical microcavities
Christopher Gies, Matthias Florian, Alexander Steinhoff, Elias Goldmann, and Frank Jahnke
Institute for Theoretical Physics, University of Bremen, 28334 Bremen, Germany
Paul Gartner
National Institute of Materials Physics, Bucharest-Magurele, Romania
Weng W. Chow
Sandia National Laboratories, Albuquerque, New Mexico, USA
Recent advances in the growth of semiconductor nanostructures made it possible to combine optical resonators
with highly efficient three-dimensional mode confinement and quantum dot (QD) emitters with three-dimensional
carrier confinement. QDs may be viewed as artificial atoms in which interband transitions between localized
electron and hole states provide a strong dipole interaction with the electromagnetic field. Self-organized QDs
are embedded structures in which the interaction with phonons and with carriers in delocalized states provides
efficient QD carrier scattering processes. These are beneficial for applications in light emitters (LEDs, lasers) as
they facilitate a rapid population of the QD electron and hole states. On the other hand, they can be detrimental
for quantum-optical effects due to the introduction of dephasing. Lastly, the Coulomb interaction between the
QD carriers leads to configuration interaction. Since the size of QDs is much larger than conventional atoms,
the configuration interaction energy is only in the meV range and, hence, a number of configurations (excitons,
trions, biexcitons, etc.) can simultaneously contribute in optical and carrier scattering processes.
In this talk, we review the use of QDs in optical microresonators for applications as nanolasers with strongly
reduced laser threshold. For a small number of 50-200 QD emitters in a resonator, quantum light emission has
been demonstrated [1]. Using individual QDs in high-quality cavities, a transition from photon anti-bunching to
stimulated emission in the strong-coupling regime is discussed, which leads to the population of higher rungs on
the Jaynes-Cummings ladder.
We present theoretical models for the light-matter interaction [2] as well as for the non-equilibrium carrier
dynamics in these systems [3], which take into account the QD configuration interaction (multi-exciton states)
as well as the many-body interaction with phonons and carriers in delocalized states. Emission properties of
few-QD systems are discussed, which include smooth and gradual transitions from thermal to coherent emission
(see example in the Figure below), the occurrence of photon anti-bunching for elevated pump rates, as well as
giant photon bunching in connection with light trapping.
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Figure: Calculated input-output curve (left) and second-order photon correlation function (right) for a microlaser with 10
QD emitters. Different curves correspond to a variation of the cavity loss rate κ using 2κ0 = 0.019/ps and a light-matter
coupling strength g = 0.03/ps for the QD ground state. In the microcavity, 10% of the total spontaneous emission is
coupled into the laser mode. A transition from cavity-enhanced LED operation (dotted line) to laser operation (dashed line)
is observed.
[1] J. Wiersig et al., Nature 460, 245 (2009).
[2] S. Ritter et al., Optics Express 18, 9909 (2010), C. Gies et al., Optics Express 19, 14370 (2011),
W.W. Chow and F. Jahnke, Progress in Quantum Electronics 37, 109 (2013).
[3] A. Steinhoff et al., Phys. Rev. B 85, 205144 (2012), K. Schuh et al., Phys. Rev. B 87, 035301 (2013),
A. Steinhoff et al., Phys. Rev. B 88, 205309 (2013).
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Microwave Saturation Spectroscopy of Nitrogen-Vacancy Ensembles and
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Fluorescence Intensity (normalized)

Ensembles of nitrogen-vacancy (NV) centers in diamond were investigated with microwave pump-probe
spectroscopy with optical detection. The technique is conceptually similar to earlier microwave studies [1], as
well as to optical saturation spectroscopy of atomic vapors [2], and allows “hole burning” and isolation of the
homogeneous contribution to the magnetic-resonance width on the background of inhomogeneous
broadening. We found different behavior for the pump and probe microwaves tuned to either the same (e.g.,
both to mS = 0 -> mS = +1) or adjacent transitions (e.g., pump tuned to mS = 0 -> mS = +1, and probe to mS = 0 ->
mS = -1). We studied the contrast and width of the holes as a function of the NV (and N) concentration,
temperature, and magnetic field, and measured the persistence time of the holes. The principal contribution
to the inhomogeneous width is identified as the random magnetic fields created at the NV sites by the 13C
bath. We demonstrate an improvement in sensitivity in NV thermometery and reduced sensitivity to magnetic
fields due to the hole-burning effect, and propose it for use in applications (e.g., in biology). Finally, we
investigate optically detected magnetic resonance (ODMR) line shapes of NV ensembles and the hole-burning
effect in a sample with enriched 13C concentration (“supernatural”) diamond (Fig. 1) and develop a theoretical
description of the observed spectra.
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Fig. 1. Comparison of ODMR signals for natural abundance diamond sample and enriched C isotopic abundance sample
at zero magnetic field.

[1] N. B. Manson, L. J. Rogers, E. A. Wilson, and C. Wei, Journal of Luminescence 130, 1659 (2010).
[2] T. W. Hänsch, I. S. Shahin, and A. L. Schawlow, Phys. Rev. Lett. 27 707 (1971).

PQE-2014

157

Speaker: Juha Javanainen
Session: New coherent sources of radiation: from LWI to parametric collective oscillators (QASER)
Schedule: Wednesday evening invited session

Absence of local-field corrections in a homogeneously broadened medium
Juha Javanainen
University of Connecticut

We study light propagation by taking atoms to be classical linear dipoles and solving the classical
electrodynamics problem exactly, numerically. The results are then averaged over a number of atomic
positions compatible with the geometry of the sample. This method may be shown to produce an exact
solution to the quantum mechanical problem of light propagation in certain limits, notably low light
intensity.
Our specific example is a thin circular disk, analogously to recent experiments [1]. We plot the optical
depth as a function of the detuning from resonance in the Figure for several thicknesses of the sample h
such that the thickness and the wave number of the exciting light satisfy hk = 0.25, 0.5, 1 and 2 (bottom
to top). The density of the gas was held constant so that ρ = 2k 3 , which here means atom numbers
ranging from 128 to 1024. The results are averages over a large number (∼ 1000) of random positions of
the atoms. The horizontal dashed line shows where the maximum of all absorption lines should be if the
venerable Lorentz-Lorenz (LL) local-field shift of the absorption line were valid. In fact, there is no LL
shift, and no cooperative Lamb shift either.
4
3

D

FIGURE. Optical depth D = − ln T , where T
is the transmission coefficient, for a constantdensity disk as a function of detuning ∆ expressed in units of the natural linewidth γ,
for various thicknesses h of the disk with
hk = 0.25, 0.5, 1, and 2, from bottom to top.
In
the radius of the disk is
p these computations
256/π k−1 , and the density is ρ = 2k3 . The
dashed vertical line shows where the maximum absorption should be if the LorentzLorenz shift of the resonance line applied.
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On the other hand, if we implement a simple model of inhomogeneous broadening by giving the
atoms a broad distribution of resonance frequencies, cooperative Lamb shift is seen as in the experiments
[1]. It turns out that both the LL shift and cooperative Lamb shifts are mean-field concepts based on
the assumption that the polarizability of the atoms is continuously distributed across the sample, and
the mean-field approach fails as it ignores correlations that dipole-dipole interactions establish between
nearby radiators. Inhomogeneous broadening validates mean-field theory by suppressing the correlations,
but in a homogeneously broadened sample the century-plus old concepts of local-field corrections fail in
a spectacular fashion.

[1] J. Keaveney et al., Phys. Rev. Lett. 108, 173601 (2012).
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Nitrogen-‐vacancy	
   (NV)	
   centers	
   in	
   diamond	
   are	
   atomic-‐scale	
   spin	
   systems	
   with	
  
remarkable	
  quantum	
  properties	
  that	
  persist	
  to	
  room	
  temperature.	
  They	
  are	
  highly	
  
sensitive	
   to	
   a	
   wide	
   variety	
   of	
   fields	
   (magnetic,	
   electric,	
   thermal)	
   and	
   are	
   easy	
   to	
  
initialize,	
   read-‐out,	
   and	
   manipulate	
   on	
   the	
   individual	
   spin	
   level;	
   thus	
   they	
   make	
  
excellent	
  nanoscale	
  sensors.	
  The	
  NV’s	
  sensitivity	
  is	
  a	
  double-‐edged	
  sword	
  however;	
  
environmental	
   fluctuating	
   fields	
   are	
   also	
   a	
   source	
   of	
   decoherence.	
   We	
  use	
   the	
   NV	
   to	
  
probe	
  these	
  fluctuating	
  fields,	
  both	
  their	
  frequency	
  spectrum	
  and	
  spatial	
  character,	
  
and	
   we	
   mitigate	
   their	
   induced	
   decoherence	
   through	
   engineered	
   CVD	
   diamond	
  
growth	
   and	
   quantum	
   control	
   of	
   the	
   NV.	
   I	
   will	
   also	
   present	
   my	
   group’s	
   work	
   on	
  
quantum	
  assisted	
  sensing	
  of	
  strain	
  fields	
  on	
  the	
  nanoscale.	
  We	
  demonstrate	
  strain	
  
coupling	
   of	
   a	
   single	
   NV	
   spin	
   to	
   a	
   high	
   quality	
   factor	
   mechanical	
   mode	
   of	
   a	
   single-‐
crystal	
   diamond	
   mechanical	
   resonator.	
   This	
   hybrid	
   system	
   has	
   exciting	
   prospects	
  
for	
  a	
  phonon-‐based	
  approach	
  to	
  integrating	
  NVs	
  into	
  quantum	
  networks.	
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Surface-enhanced linear and nonlinear spectroscopy from
first-principles
Lasse Jensen
Department of Chemistry
The Pennsylvania State University
104 Chemistry Building
University Park, PA 16803
jensen@chem.psu.edu
Surface-enhanced Raman scattering (SERS) and its nonlinear analogue surfaceenhanced hyper-Raman scattering (SEHRS) can be used to provide detailed information about molecular excited state properties down to the single-molecule
level. A problem is that the detailed assignment of the spectroscopic signatures
of large molecule are complicated and often only possible with a combination of
first-principles simulations and experiments. However, it remains a formidable challenge to accurately simulate these linear and nonlinear spectra and thus few examples are present in the literature.[1] Here we present our recent progress on developing a reliable and efficient hybrid computational method that bridges classical
electrodynamics and electronic structure theory.[2] Focus will be on understanding
chemical[3], resonance, nonlinear effects[4], and inhomogeneous electric fields [5]in
surface-enhanced spectroscopies.
Keywords: Plasmonics, Surface-enhanced Raman scattering, time-dependent DFT,
nonlinear optical properties, charge-transfer.
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2013.
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133, 14590, 2011.
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Interacting Dark Resonances with Plasmonic Meta-Molecules
P. K. Jha*, M. Mrejen, J. Kim, C. Wu, Y. Wang, X. Yin, and Xiang Zhang
University of California, Berkeley CA-94720
*Email: pkjha@berkeley.edu
The concept of “dark resonance” has led to many counterintuitive and intriguing phenomena in the
field of laser spectroscopy, atom optics and quantum information[1]. These resonance, which arise
from quantum superposition of states are decoupled from the environment. Coherent interaction of
such dark resonance brings a new dimension to “engineer” light-matter interaction[2].
We report a classical analogue of interacting dark resonance physics in a plasmonic meta-molecule
(PMM) consisting of a radiative(bright) atom coupled to cascaded sub-radiant (dark) atoms. Fig 1(a)
shows our PMM where we have used a gold bar to serve as the bright atom while the dark atom
consists of two parallel gold bars with a small separation. The asymmetric position of the top layer
with respect to the middle layer provides a much stronger
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second dark atom is a signature of interacting dark resonance type physics. In Fig 1(d) we have plotted
the amplitude and the linewidth of the central peak against the coupling between the dark-dark
atom(κ2). Analogous to the atomic media the PMM exhibits sub-natural linewidth[3] only limited by
the drude-damping limit of the dark element(in the limit κ2 << κ1). These PMM also exhibits efficient
energy transfer with the elements with efficiency ~80%. Such PMMs brings a new dimension to the
problem of high quality factor resonance in plasmonics[4].
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Quantum-Coherence-Enhanced Lasing and Spasing
Pankaj. K. Jha*
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Quantum coherence and interference(QCI) effects in atomic and molecular physics have been
extensively studied because of intriguing counterintuitive physics and potential important
applications[1,2]. Recently the domain of QCI has extended from conventional atomic, molecular
and optical(AMO) physics to plasmonics and metamaterials which has its inherent advantages like
room temperature operation, large bandwidth etc. Theoretical proposal of quantum-coherence
enhanced SPASER[3] and propagating surface plasmons(SPs)[4] would connect the techniques used
in quantum optics with the technical advances in the field of nanoplasmonics and manipulation of
nanostructures.
Here, I will discuss two physical configuration in which the role of QCI in the medium near a gold
sphere (Fig 1a) and a gold strip (Fig, 1b) in enhancing the localized and propagating SPs.
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Physically the three-level systems experience Fano-type interference in their absorption profile that
generates an asymmetry between absorption and stimulated emission. This asymmetry mitigates the
SPPs absorption, thus reducing the radiative damping of SPs in (1a) and SPPs in 1(b) and allowing.
As shown in Fig 1(a), the driving field also controls the spaser dynamics, which may lead to future
ultrafast and controllable nanoplasmonic devices. The coherent drive, acting as external control
parameters, holds promise for quantum control of nanoplasmonic devices. These concepts can be
extended to a broader range of quantum optical phenomena and applied to a variety of plasmonic
nanostructures for alter the light-matter interaction. Such effects with atoms and phaseonium-coupled
meta-atoms bring a new regime of engineering the optical properties of hybrid systems[5].
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New	
  developments	
  in	
  nonlinear	
  eigensolvers	
  have	
  allowed	
  us	
  to	
  solve	
  the	
  SALT	
  
(steady-‐state	
  ab-‐initio	
  lasing	
  theory)	
  equations	
  for	
  the	
  first	
  time	
  in	
  arbitrary	
  low-‐
symmetry	
  three-‐dimensional	
  systems,	
  such	
  as	
  photonic-‐crystal	
  laser	
  cavities	
  [1].	
  We	
  
derive	
  a	
  corresponding	
  increase	
  in	
  the	
  generality	
  of	
  laser-‐linewidth	
  formulas	
  to	
  
accurately	
  predict	
  linewidths	
  of	
  these	
  lasing	
  modes,	
  taking	
  into	
  account	
  arbitrary	
  
material	
  and	
  pumping	
  inhomogeneities,	
  incomplete	
  inversion,	
  open	
  cavities,	
  
material	
  dispersion,	
  nonlinearities,	
  and	
  interactions	
  among	
  multiple	
  modes.	
  Our	
  
result	
  requires	
  only	
  simple	
  integrals	
  of	
  the	
  SALT	
  solutions	
  (without	
  the	
  need	
  for	
  
scattering	
  matrices),	
  includes	
  a	
  generalization	
  of	
  the	
  Henry	
  “α-‐factor”	
  that	
  includes	
  
new	
  corrections	
  for	
  “bad”	
  (high-‐loss)	
  cavities	
  and	
  new	
  nonlinear	
  inter-‐mode	
  
interactions.	
  
	
  
Finite	
  laser	
  linewidths	
  arise	
  because	
  of	
  quantum	
  and	
  thermal	
  current	
  fluctuations	
  in	
  
matter,	
  which	
  act	
  as	
  a	
  random	
  forcing	
  term	
  causing	
  the	
  lasing	
  mode’s	
  amplitude	
  to	
  
fluctuate	
  and	
  its	
  phase	
  to	
  drift	
  over	
  time.	
  Our	
  approach,	
  inspired	
  by	
  a	
  similar	
  
microscopic	
  ab-initio	
  approach	
  to	
  Casimir	
  forces	
  and	
  near-‐field	
  radiation	
  arising	
  
from	
  current	
  fluctuations	
  [2],	
  is	
  to	
  inject	
  these	
  currents	
  (whose	
  statistics	
  are	
  given	
  
by	
  the	
  fluctuation-‐dissipation	
  theorem	
  [2])	
  directly	
  into	
  coupled-‐mode	
  and	
  Maxwell	
  
equations	
  formed	
  by	
  linearizing	
  small	
  perturbations	
  to	
  the	
  SALT	
  modes.	
  This	
  
starting	
  point	
  is	
  similar	
  in	
  spirit	
  to	
  classic	
  linewidth	
  solutions	
  by	
  Henry	
  [3]	
  and	
  Lax	
  
[4],	
  except	
  that	
  we	
  exploit	
  the	
  full	
  3d	
  inhomogeneous	
  SALT	
  formulation	
  rather	
  than	
  
simplified	
  1d	
  or	
  oscillator	
  models	
  of	
  lasers.	
  Unlike	
  previous	
  SALT-‐based	
  linewidth	
  
work	
  that	
  started	
  from	
  scattering-‐matrix	
  expressions	
  [5],	
  we	
  incorporate	
  nonlinear	
  
phase-‐amplitude	
  coupling	
  effects	
  to	
  generalize	
  the	
  Henry	
  α-‐factor,	
  as	
  well	
  as	
  the	
  
Peterman	
  factor,	
  and	
  all	
  previous	
  results	
  appear	
  to	
  arise	
  as	
  special	
  cases	
  of	
  our	
  
formula.	
  Unlike	
  the	
  traditional	
  α-‐factor	
  correction,	
  we	
  observe	
  an	
  additional	
  
correction	
  that	
  arises	
  even	
  at	
  the	
  center	
  of	
  a	
  symmetric	
  gain	
  lineshape	
  due	
  to	
  “bad-‐
cavity”	
  corrections,	
  and	
  another	
  apparently	
  new	
  α-‐like	
  correction	
  arises	
  because	
  of	
  
inter-‐modal	
  nonlinear	
  coupling	
  in	
  multi-‐mode	
  systems.	
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Spontaneous parametric down-conversion using a pulse train
Amitabh Joshi
IQSE, Texas A & M University, College Station, TX 77843-4242
The exponential faster speed of quantum computers over their classical counterparts has motivated
several research areas in quantum computation and quantum information processing (QIP) in recent years.
The key to success for QIP is the entangled states. Usually spontaneous parametric down-conversion
process (SPDC) in second-order nonlinear crystal is used for generating entangled states. SPDC has been
extensively studied for the case of continuous wave pump as well as single pump pulse. In this work we
study the effect of a train of pump pulses on degenerate collinear type-II SPDC and degenerate collinear
type-I SPDC processes. We assume that signal and idler photons are degenerate, having the same central
frequency. In the type-II case, the pair of photons produced is orthogonally polarized but we will study
the case of collinearly produced pairs.
The down-conversion process can be described by the following interaction Hamiltonian [1]

HINT = (2/3)ϵ0 ∫dV χ EiEsEP ,

in which χ is the nonlinear susceptibility tensor and the integral is over the volume of the sample. The
signal (Es ) and idler (Ei ) fields are considered to be quantized while pump field (EP ) is classical and
linearly polarized propagating in the z-direction. The electric field (EP ) for the pulse train with
repeatation rate TR and central frequency Ω used for the pump is given by [2]

EP =ΣE(t - NTR)eiNΔΨ = [ΣE(t -NTR)eiNΦR]eiΩt = εT (t)eiΩt .
The effects of number of combs on the coincidence probability (RC ) of detecting signal and idler photons,
plotted in Figs. 1 and 2 for type-II and type-I SPDC, respectively, are given below. This work will
provide guidelines for the SPDC process in experiments.
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Fig.1 Plot of coincidence counting rate (RC)
as a function of τ/DL for different numbers
of comb tooth (M) in the pulse train for
type-II SPDC. Curves A, B, C, and D, are
for M = 0, 1, 2, and 3, respectively [2].
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Fig.2 Plot of coincidence counting rate (RC)
as a function of τ2 /D''L for different numbers
of comb tooth (M) in the A, B, C, and D, are
for M = 0, 1, 2, and 3, pulse train for type-I
SPDC. Curves A, B, C, and D, are for M =
0, 1, 2, and 3, respectively [2].
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Frequency combs, i.e. spectra of equidistant laser lines, are enabling tools in precision spectroscopy and
optical frequency metrology [1]. Conventionally, frequency combs are generated using mode-locked
lasers, where the mode-locking of the optical comb lines implies the generation of a train of ultra-short
optical pulses. Frequency combs can link optical frequencies to radio/microwave-frequencies and thereby
provide and absolute frequency reference in the optical domain. A novel approach of frequency comb
generation is based on continuously driven, Kerr-non-linear, optical microresonators where cascaded fourwave mixing leads to the emergence of an equidistant frequency comb spectrum [2, 3]. An essential
prerequisite for this RF-to-optical link is self-referencing, which can be achieved via e.g. f-2f or 2f-3f
interferometry [4, 5]. So far however, self-referencing of microresonator combs has not been possible as
no system was capable of generating sufficiently broad spectra while maintaining the low-noise level
required for metrology operation.
We have demonstrated that one route to low-noise frequency combs are via the formation of temporal
dissipative optical solitons in high-Q MgF2 microresonator (Q~400 million) [6]. The formation of solitons
is enabled by the balance between anomalous resonator dispersion and Kerr-nonlinearity. The solitons
produced can be very stable and ultra-short with durations on the order of ~200 fs. These ultrashort pulses
can be used for microwave generation or spectrally broadened to close to what is necessary for selfreferencing.

Fig. 1. (a) A frequency comb (blue) generated in a continuously driven (80mW, 1553nm) soliton-mode locked MgF2 microresonator (inset) is
broadened to a broadband frequency comb spectrum (red) by external broadening in a highly-nonlinear fiber. (b,c) Free-running radio-frequency
(RF) repetition rate beat note observed when detecting the optical spectra on a fast photo-detector before and after spectral broadening (res.
bandwidth 100 Hz).
[1] S.T. Cundiff and J. Ye. “Colloquium: Femtosecond optical frequency combs”, Reviews of Modern Physics, 75, 325-342 (2003)
[2] T.J. Kippenberg, et. al. “Microresonator-based optical frequency combs”, Science, 332, 555-559 (2011)
[3] D. J. Moss, et. al. "New CMOS-compatible platforms based on silicon nitride and Hydex for nonlinear optics," Nature Photonics 7, 597-607
(2013).
[4] D. J. Jones, et. al. “Carrier–envelope phase control of femtosecond mode-locked lasers and direct optical frequency synthesis”, Science 288,
635-639 (2000)
[5 ] R. Holzwarth, et. al. “Optical frequency synthesizer for precision spectroscopy”, Phys. Rev. Lett. 85 (11), 2264 -2267 (2000)
[6] T. Herr, et. al. “Soliton mode-locking in optical microresonators”, Nature Photonics (in press), arXiv: 1211.0733 (2012)
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Opto-mechanical instabilities in cold atoms
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Cold atoms are well known to be very sensitive to optical forces. For large
atomic clouds, these forces can yield instabilities in the atomic motion based
on collective effects [1]. Furthermore, when the light propagation depends on
the atomic density distribution, self-organisation of atoms and light can be
obtained. Such effects have been studied in cavity experiments [2] with one
relevant dimensional and in higher dimensions [3] as shown in figure 1. This
talk will present different schemes to study opto-mechanical instabilities with
cold atoms, using either quasi-resonant radiation pressure or dipole forces for
the atoms and in the diffraction or diffusive limit for the propagation of the
light.
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Experimental setup for two dimensional self-organisation of cold atoms (A).
Near (B) and far (C) field intensity distribution observed in the transmited pump
beam.
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microscopy to its ultimate limits?
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Henry C. Kapteyn and Daniel E. Adams
Department of Physics, JILA, and NSF ERC in EUV Science and Technology, University of Colorado and NIST, Boulder, CO 80309
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Dramatic advances in coherent diffractive imaging (CDI) using light in the extreme ultraviolet
(EUV) and X-ray regions of the spectrum over the past 15 years have resulted in near diffractionlimited imaging capabilities using both large and small scale light sources. In CDI, also called
“lensless imaging,” coherent light illuminates a sample, and the scattered light is directly captured
by a detector without any intervening imaging optic. Phase retrieval algorithms are then applied to
the data set to recover an image. CDI has already been used to study a variety of biological and
materials systems. However, the potential for harnessing the power of CDI for imaging complex
nano-structured surfaces, which requires the use of a reflection geometry for imaging, has been
much less studied. Surfaces are critical in nanoscience and nanotechnology, for example in
catalysis, energy harvesting systems or nanoelectronics. A few successful demonstrations have
applied CDI to reflection-mode imaging: however, work to date has either been limited to highly
reflective EUV lithography masks in a normal incidence geometry, restricted to low numerical
aperture through the use of a transmissive mask, or restricted to isolated objects.
In recent work we have demonstrates the most general reflection-mode coherent diffractive
imaging to date using any light source, by combining the extended ptychographical iterative
engine with curved wavefront illumination. This allows extended (non-isolated) objects to be
imaged at any angle, which will enable tomographic imaging of surfaces. It also represents the
first non-isolated-object, high fidelity, tabletop coherent reflection imaging, which expands the
scope of applications for CDI significantly. Our approach removes restrictions on the numerical
aperture, sample, or angle, so that general extended objects can be imaged in reflection mode at
any angle of incidence. This reflection ptychography technique produces surface images
containing quantitative amplitude and phase information about the sample that are in excellent
agreement with atomic force microscopy (AFM) and scanning electron microscopy (SEM)
images, and also removes all negative effects of non-uniform illumination of the sample or
imperfect knowledge of the sample position as it is scanned. The result is a general and extensible
imaging technique that can provide a comprehensive and definitive characterization of how light
at any wavelength scatters from an object, with no fundamental limitation on resolution. This
complete amplitude and phase characterization thus is fully capable of pushing full field optical
imaging to its fundamental limit. Finally, because we use a tabletop high harmonic generation
(HHG) 30 nm source, in the future it will be possible to image energy, charge and spin transport
with nm spatial and fs temporal resolution on nanostructured surfaces or buried interfaces, which
is a grand challenge in nanoscience and nanotechnology.
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Origins of resonance broadening in plasmonic nanostructures
Mikhail A. Kats
[Capasso group] [School of Engineering and Applied Sciences] [Harvard University]
In this talk I will review the various processes that lead to linewidth broadening of plasmonic resonances
in metallic nanostructures including intrinsic mechanisms such as internal and radiative losses as well as
mechanisms that arise in certain experimental situations such as substrate effects and inhomogeneous
broadening.
The first part will examine loss mechanisms of isolated plasmonic nanoparticles in a homogeneous
environment. These include internal losses due to absorption in the metal and radiative losses due to
scattering, both of which contribute to the shape of the resonant spectrum but in slightly different ways
[1]. The contribution to the lineshape due to retardation between different parts of a nanostructure will
also be briefly discussed [2].
In the second part I will discuss two broadening mechanisms which often arise in experimental systems.
The first is the effect of a finite transparent substrate, such as when a plasmonic structure is supported by
a double-side-polished wafer or glass slide which can act as a Fabry-Perot resonator. Even when such a
substrate is much thicker than the wavelength and the free spectral range cannot be resolved
experimentally, the presence of the Fabry Perot etalon can broaden the plasmonic resonance spectrum [3].
The second effect arises when measurements are performed on ensembles rather than on isolated
nanostructures. As a result of small variations from element to element (a. k. a. polydispersity), which
exist to varying degrees in all experimental ensembles, a measured spectrum will be inhomogeneously
broadened and also deformed compared to the spectrum of the individual elements [4]. Ways of
quantitatively accounting for the effects of inhomogeneous broadening will be presented.
[1] M. A. Kats, N. Yu, P. Genevet, Z. Gaburro, F. Capasso, “Effect of radiation damping on the spectral response of
plasmonic components”, Optics Express 19, 21749 (2011)
[2] Y. Li, K. Zhao, H. Sobhani, K. Bao, and P. Nordlander, “Geometric Dependence of the Line Width of Localized
Surface Plasmon Resonances”, Journal of Physical Chemistry Letters 4, 1352 (2013)
[3] M. A. Kats, P. Genevet, G. Aoust, N. Yu, R. Blanchard, F. Aieta, Z. Gaburro, and F. Capasso, “Giant
birefringence in optical antenna arrays with widely tailorable optical anisotropy”, PNAS 109, 12364 (2012)
[supplementary info]
[4] H. Gudjonson, M. A. Kats, K. Liu, Z. Nie, E. Kumacheva, and F. Capasso, “Monte-Carlo based electromagnetic
modeling of nanoscale structures: accounting for inhomogeneous broadening in polydisperse ensembles",
arXiv:1308.0095
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Attractive natures in a set of a highly-discrete coherent spectrum
M. Katsuragawa
University of Electro-Communications
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katsuragawa@uec.ac.jp

We discuss on a very simple and attractive technique on manipulations of a highly-discrete
coherent spectrum which in general can be generated with the adiabatic driving of a Raman
coherence. A train of transform-limited attosecond pulses is produced by simply inserting
transparent materials. Other various examples related with this technique will be also shown.

Fig. 1. Conceptual illustration of the novel method for generation of a
train of attosecond pulses.

(a)

(b)

Fig. 2. Exploration of optimum solutions using the method
shown in Fig. 1. Peak variation in the intensity waveforms are
illustrated as a function of the thickness of the inserted
transparent plates for the three cases of (I) one plate, (II) two
plates, and (III) three plates.

Fig. 3. (a) The temporal intensity waveform (thick line)
achieved at the condition (III) in Fig. 2. (b) Manipulation
of the electrical amplitude waveforms around the
condition (III).
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On	
   November	
   12,	
   2013,	
   a	
   public	
   debate	
   on	
   reversible	
   computation	
   and	
   Landauer	
  
theorem	
   was	
   held	
   and	
   the	
   conference	
   Hot	
   Topics	
   of	
   Physical	
   Informatics	
   (HoTPI-‐
2013,	
  Changsha,	
  China).	
  We	
  address	
  the	
  following	
  questions	
  in	
  that	
  debate:	
  
	
  
Szilard	
  Engine,	
  Maxwell	
  demon,	
  Landauer	
  principle:	
  related	
  mistakes.	
  
	
  
Energy	
  dissipation	
  limits	
  of	
  control	
  and	
  that	
  of	
  to	
  run	
  a	
  switch.	
  
	
  	
  
Are	
  reversible	
  computers	
  possible	
  or	
  their	
  concept	
  violates	
  thermodynamics?	
  
	
  	
  
Is	
   Landauer's	
   erasure-‐dissipation	
   principle	
   valid;	
   or	
   the	
   same	
   is	
   true	
   for	
   writing	
   the	
  
information;	
  or	
  it	
  is	
  simply	
  invalid?	
  
	
  
Does	
   (non-‐secure)	
   erasure	
   of	
   memories	
   dissipate	
   more	
   heat,	
   or	
   the	
   writing	
   of	
   the	
  
same	
  amount	
  of	
  information?	
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Speaker: Andreas Knorr
Session: Semiconductor nanostructures for quantum communication
Schedule: Tuesday evening invited session

Theory of feedback control of quantum light and phonon emission
from semiconductor quantum dots
Andreas Knorr, Julia Kabuß, Sven Hein, Franz Schulze, Alexander Carmele
Technische Universität Berlin, Institut für Theoretische Physik,
Nichtlineare Optik und Quantenelektronik
This talk is focused on the control of the statistics of coupled electrons, phonons and
photons of single semiconductor quantum dots in optical or acoustic cavities. Within a selfconsistent, non-perturbative description we discuss:
-the phonon statistics in acoustic cavities, in particular the conditions of acoustic phonon
lasing; single phonon emission or a poissonian phonon statistics can be induced by an
externally controlled Raman process.
-the photon dynamics in optical cavities, in particular its control via optical feedback due to
an external mirror to stabilize cavity Rabi oscillations in a bad cavity limit.
-the control of entanglement of the quantum dot biexciton emission via time delayed optical
feedback due to an external mirror.
As a typical example the figure shows the optical excitation of a quantum dot in a acoustic
cavity via a Raman process (left, c,v: electronic states, n: phonon number) and the resulting
acoustic phonon statistics p(n) (right) as a function of time. Here, the temporal transition
from thermal to poissonian statistics can be observed.

J.Kabuss, A. Carmele, M. Richter, W. W. Chow, A. Knorr, "Inductive equation of motion approach for
a semiconductor QD-QED", Phys. Status Solidi (b) 248, 872 (2011); J. Kabuss, A. Carmele, T. Brandes,
A.Knorr, "Optically Driven Quantum Dots as Source of Coherent Cavity Phonons: Proposal for a
Phonon Laser Scheme", Phys. Rev. Lett. 109, 054301 (2012); A. Carmele, J.Kabuss, F.Schulze, S.
Reitzenstein, A. Knorr, "Single Photon Delayed Feedback: A Way to Stabilize Intrinsic Quantum Cavity
Electrodynamics", Phys. Rev. Lett. 110, 013601 (2013).
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Speaker: Olga Kocharovskaya
Session: Coherent and Quantum X-ray optics
Schedule: Wednesday Morning Invited Session 1

Ultrashort Pulses of Recoilless Gamma-Radiation and
Coherent Control of the Waveforms of Gamma-Photons
F.Vagizov1,2, V. Antonov1,3,Y. Radeonychev1,3, R. Shakhmuratov2 and O. Kocharovskaya1
1

Institute for Quantum Studies and Engineering and Department of Physics & Astronomy,

Texas A&M University, College Station, TX, USA, kochar@physics.tamu.edu
Kazan Federal University, and Kazan Physical Technical Institute, RAS, Kazan, Russian Federation
3
Institute of Applied Physics RAS, and N.I.Lobachevsky State University, Nizhny Novgorod 603950, Russia
2

The concepts and ideas of coherent, nonlinear and quantum optics deeply penetrate into the
range of 10-100 keV photon energies, corresponding to a soft γ-ray (hard X-ray) radiation (see the
recent review [1]). Still the number of tools for coherent manipulation of gamma-photon-nuclear
ensemble interactions remains rather limited. In this work an efficient method to produce ultra-short
pulses of gamma-radiation and to control the waveforms of gamma-photons has been suggested and
experimentally demonstrated. This method essentially represents itself a γ-ray implementation of the
general approach based on the ultrafast variation of the parameters of the resonant quantum transition
([2-4]). While in the case of the atomic transitions the modulation of the transition frequency was due
to the quasi-static Stark effect in a strong laser field, in the case of the nuclear transitions it is produced
by vibration of the resonant absorber via the Doppler effect. The phase matching was achieved by
using the proper detuning and optical thickness of a resonant absorber. This resonant parametric
technique, unlike the traditional techniques of nonlinear optics, does not require high intensity of
incoming radiation and, hence, can be implemented even in a single-photon regime.
The proposed method was demonstrated by the proof-of-principle experiments with radioactive
57
Co:Rh source of single gamma-photons and a stainless steel absorber with natural abundance of 57Fe
isotope [4] . Observation of the single-photon wavefom shaped by the vibrated absorber was based on
the time-delayed coincidence counts of sequentially emitted 122keV and 14.4keV photons.
The developed technique is expected to give a strong impetus on emerging fields of coherent and
quantum gamma-optics, providing a basis for realization of the gamma-photon – nuclear ensemble
interfaces and quantum interference effects at the nuclear gamma-ray transitions.
1.
2.
3.
4.

Adams B. W. et al. J. Mod. Opt. 60, 2-21 (2013).
V. A. Antonov, Y. V. Radeonychev, O. Kocharovskaya, Phys. Rev. Lett. 110, 213903 (2013).
V. A. Antonov, Y. V. Radeonychev, O. Kocharovskaya, Phys. Rev, A 88, 053849 (2013).
F. Vagizov , V.Antonov, Y.V. Radeonychev, R. N. Shakhmuratov, O. Kocharovskaya,
arXiv:1309.2814, Nature, submitted.
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Speaker: Gennady Koganov
Session: New coherent sources of radiation: from LWI to parametric collective oscillators (QASER)
Schedule: Wednesday evening invited session

Field-driven super/subradiant lasing without imposed atomic
cooperativity
Gennady A. Koganov and Reuben Shuker
Physics Department, Ben Gurion University of the Negev, Beer Sheva, Israel
The first model of stationary superradiance, the superradiant laser, was suggested by Haake et al. [1].
Since then, several theoretical papers discussing this scheme, as well as some other models, have
been published [2]. The key mechanism responsible for stationary superradiance in such lasers is the
collective nonlinear spontaneous decay of one of the atomic states that is imposed by an additional,
”passive” resonator. As we have shown recently [3], the super/subradiant lasing can be obtained by
replacing the passive resonator by a second coherent pumping laser field, so that no initial atomic
cooperativity is required. In this talk the results of semiclassical treatment of a three-level ladder
model of super/subradiant laser will be discussed in details.
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Fig. 1. Intensity and populations as functions of the number of atoms N. Left: Rabi frequencies on
pump lasers are essentially different. Right: Rabi frequencies are of the same order of magnitude.

Figure 2. System phase
portrait in terms of n-ϕ
(field phase). Left:
superradiant regime, the
number of atoms is less than
some critical value Nc.
Right: subradiant regime, N
> N c.

[1] F. Haake, M. I. Kolobov, C. Fabre, E. Giacobino, and S. Reynaud, Phys. Rev. Lett. 71, 995 (1993).
[2] F. Haake et al, Phys. Rev. A 54, 1625 (1996); I. E. Mazets and G. Kurizki, J. Phys. B 40,
F105 (2007); C. Wiele et al, ibid, 60, 4986 (1999); D. Yu and J. Chen, ibid, 81, 053809 (2010).
[3] G.A. Koganov and R. Shuker, Opt. Lett. 36, 2779 (2011).
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Speaker: Aleksey Korobenko
Session: Poster Session
Schedule: Poster Session

Rotational spectroscopy with an optical centrifuge
Aleksey Korobenko, Alexander A. Milner, John W. Hepburn and Valery Milner
University of British Columbia, Vancouver BC, Canada
korobenk@phas.ubc.ca
We demonstrate a new spectroscopic method for studying electronic transitions in molecules with extremely broad range of angular momentum. We employ an optical centrifuge to create narrow rotational
wave packets in the ground electronic state of 16 O2 . Using the technique of resonance-enhanced multi3
photon ionization, we record the spectrum of multiple ro-vibrational transitions between X 3 Σ−
g and C Πg
electronic manifolds of oxygen. Direct control of rotational excitation, extending to rotational quantum
numbers as high as N & 120, enables us to interpret the complex structure of rotational spectra of C3 Πg
beyond thermally accessible levels.
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Figure 1: Two-photon resonances from highly excited rotation levels N 00 > 100 (line). Symbols represent
N 00 dependence on resonance energy, directly measured in the method. The two branches were identified as
00
F2 and F3 spin-orbit components of the ∆N = 2 rotational branch of the C3 Πg (v0 = 1) ←←X 3 Σ−
g (v = 0)
transition.
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Speaker: Nicholas A. Kotov
Session: Optically Active Nanostructures and Related Applications
Schedule: Thursday evening invited session

Chiral Nanoscale Materials - Why, What, and How
Prof. Nicholas A. Kotov, University of Michigan

Chirality at nanoscale attracts a lot of attention during. A number of chiral nanoscale systems had
been discovered ranging from individual nanoparticles to helical nanowires and from lithographically defined
substrates to DNA origami. In this presentation, the origins of the rapidly developing field will be traced and
its current state-of-the-art will be evaluated. Different types of chiral nanoscale materials (Figure 1) will be
described along with the techniques of their preparation, advantages/disadvantages, and current challenges.
Special effort will be placed on the
understanding potential discussion
of application will include the
metamaterials, negative refractive
index optics, biosensing, stresssensitive materials, new display
100 nm
technologies, and others. Recent
developments
in
analytical
1: Examples of chiral nanoscale assemblies with optical activity from UV to
application of chiral assemblies will Figure
infrared regions.
be highlighted.

100 nm
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Speaker: Norbert Kroó
Session: Novel Optics
Schedule: Wednesday Morning Invited Session 1

Speaker:Norbert Kroo
Session: Novel Optics

SURFACE PLASMON ASSISTED ELECTRON PAIR FORMATION IN STRONG
ELECTROMAGNETIC FIELDS
N.Kroo, P.Racz, S.Varro
Wigner Physics Research Center of the Hungarian Academy of Sciences

The basis of low-temperature superconductivity has been set to be the pair formation of electrons, due to their
effective interaction. The appearence of an effective attraction potential has also been predicted for electronelectron scattering in the presence of strong, inhomogeneous radiation fields [1]. In the present work the strong
electromagnetic fields were created by femtosecond Ti:Sa lasers and used to excite surface plasmons in gold
films at room temperature in the Kretschmann geometry [2].The studies were conducted, using first a surface
plasmon near field scanning tunneling microscope (STM), measuring it’s response to the excitation with 100120fs pulses at hot spots on the gold surface. It has been found, that in the range of 80GW/cm² laser intensity the
signal has a step like character. In the same laser intensity range the temporal width of the response signal of the
STM changes from increasing character to decreasing one. The change is about five fold.
An electron time-of-flight spectrometer has also been used. With this instrument the total intensity and
spectrum of photoelectrons, liberated by multi-plasmon absorption as the function of exciting laser intensity
(40fs pulses) has been measured . In this case similar anomaly has been found in the total electron counts of a
well defined peak in the energy spectrum as in the STM case , increasing to about 60GW/cm² and similarly
changing into steep decline above this value. Here the dynamism is, however,more than 2 orders of magnitude
(see the figure)..This seems to be an even stronger indication of the electron pair formation in the given laser
intensity range. In this latter measurement strongly delayed electrons have also been detected. They must have
been emitted a long time after the exciting laser pulses. The number of these delayed electrons has a maximum
around 130 GW/cm*2, i.e. in the range of the minimom of the figure. This observation seems to correlate with
the brodening of the STM signal.
All these observations are in qualitative agreement with simple theoretical estimates based on the analogy of [1].
The results of this analysis are also presented.
[1]. J.Bergou, S.Varro, M.V.Fedorov, J.Phys A14,2305 (1981)
[2] N.Kroo, P.Racz, S.Varro, (arXiv:1311.6801)

Laser intensity dependence of the total number of
electrons in the high energy peak of the plasmon mediated electron emission spectrum. A 40fs, 1kHz Ti:Sa laser has been used and the
different shaped spots represent measurements at different hot spots on the gold surface.
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Speaker: Peter Kruger
Session: Atom-Surface Interactions
Schedule: Thursday Morning Plenary Session 1

Nano-‐scale	
  atom	
  traps	
  on	
  a	
  chip	
  
	
  
Peter	
  Kruger	
  
	
  
Midlands	
  Ultrcold	
  Atom	
  Research	
  Centre	
  
School	
  of	
  Physics	
  and	
  Astronomy	
  
The	
  University	
  of	
  Nottingham	
  
Nottingham	
  NG7	
  2RD,	
  United	
  Kingdom	
  

	
  
	
  
Microtraps	
   for	
   cold	
   atoms	
   based	
   on	
   patterned	
   surface-‐mounted	
   structures	
   have	
  
been	
   very	
   successful	
   over	
   the	
   past	
   15	
   years.	
   The	
   miniaturization	
   of	
   traps	
   has	
   a	
  
number	
   of	
   advantages	
   and	
   new	
   types	
   of	
   experiments	
   become	
   possible	
   through	
  
structuring	
  and	
  manipulating	
  quantum	
  gases	
  on	
  small	
  scales.	
  The	
  closer	
  the	
  atoms	
  
are	
  trapped	
  to	
  the	
  surface,	
  the	
  wider	
  the	
  range	
  of	
  possibilities	
  becomes.	
  In	
  addition	
  
to	
   shaping	
   the	
   environment	
   of	
   the	
   quantum	
   gas,	
   the	
   surface	
   itself	
   can	
   become	
   the	
  
focus	
   of	
   investigation	
   when	
   the	
   atoms	
   function	
   as	
   a	
   microscopic	
   probe	
   of	
   local	
  
magnetic	
  fields	
  and/or	
  surface	
  structure.	
  
Here	
  we	
  focus	
  on	
  ways	
  and	
  benefits	
  of	
  reducing	
  the	
  atom-‐surface	
  separation	
  beyond	
  
current	
  experiments	
  where	
  the	
  atoms	
  can	
  typically	
  not	
  be	
  trapped	
  closer	
  than	
  a	
  few	
  
microns	
  from	
  the	
  surface.	
  Submicron	
  trapping	
  distances	
  will	
  open	
  the	
  path	
  to	
  new	
  
possibilities	
  in	
  	
  
	
  
• Structuring	
   quantum	
   gases	
   with	
   a	
   tailoring	
   resolution	
   on	
   the	
   order	
   of	
   and	
  
beyond	
   characteristic	
   length	
   scales	
   of	
   the	
   gas	
   (healing	
   length)	
   with	
  
interesting	
  applications	
  in	
  disorder,	
  controlled	
  tunnelling,	
  and	
  transport	
  
• Reaching	
  nano-‐scale	
  resolution	
  in	
  microscopic	
  field	
  measurements	
  
• Measuring	
   atom-‐surface	
   forces	
   (Casimir	
   forces)	
   in	
   the	
   submicron	
   regime	
  
with	
   relevance	
   in	
   various	
   areas	
   of	
   physics	
   including	
   near-‐field	
   scanning	
  
microscopy	
  
• Advancing	
   towards	
   observing	
   backaction	
   from	
   the	
   atoms	
   onto	
   the	
   surface	
  
with	
  applications	
  in	
  quantum	
  interfaces,	
  two-‐way	
  atom-‐surface	
  coupling,	
  and	
  
hybrid	
  quantum	
  devices	
  
	
  
The	
   main	
   obstacles	
   in	
   these	
   endeavors	
   are	
   noisy	
   currents	
   in	
   surface	
   conductors	
  
(Johnson	
   noise),	
   corrugations	
   of	
   magnetic	
   fields	
   due	
  
to	
   minute	
   wire	
   imperfections,	
   and	
   fluctuation	
   induced	
  
(Casimir)	
   forces.	
   In	
   this	
   talk	
   and	
   throughout	
   the	
  
associated	
   session	
   on	
   atom-‐surface	
   interactions,	
   we	
  
outline	
   these	
   seemingly	
   detrimental	
   issues	
   and	
  
describe	
   potential	
   solutions	
   to	
   overcome	
   the	
   current	
  
few	
   micron	
   atom-‐surface	
   separation	
   limit.	
   We	
   also	
  
discuss	
   the	
   newly	
   accessible	
   regime	
   in	
   terms	
   of	
  
fundamental	
  experiments	
  and	
  applications.	
  
Cold	
  atom	
  microscope	
  setup	
  with	
  submicron	
  trapping	
  near	
  various	
  samples	
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Speaker: Matthias Krüger
Session: Casimir friction – On the viscosity of the electromagnetic vacuum
Schedule: Thursday Morning Invited Session 2

Linear Response in Fluctuational Electrodynamics
Matthias Krüger

Linear response is a fundamental concept in statistical physics; The response of a
system to a small external perturbation is related to fluctuations of a corresponding
variable in equilibrium. We exemplify such relations for the fluctuating electromagnetic
field in the vacuum close to rigid bodies, for example by perturbing one of the objects’
temperatures or velocities [1]. E.g. by doing the latter, we obtain the friction force
for a moving object in an arbitrary environment of other objects, using scattering
theory, and explicitely demonstrate that this friction is given in terms of equilibrium
fluctuations of the Casimir force. We discuss some properties of vacuum friction, e.g.
its behavior at vanishing temperature as well as the dependence on material properties.
Finally, we display how Onsager’s theorem connects the heating of the moving object
to the non-equilibrium Casimir force measured for objects at unequal temperatures.

[1] V. A. Golyk, M. Krüger, and M. Kardar, Phys. Rev. B 88, 155117 (2013).
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Speaker: Yasuaki Kumamoto
Session: Spectroscopy in Biology and Medicine
Schedule: Tuesday Morning Invited Session 2

Deep-ultraviolet resonance Raman spectroscopy for biomolecular imaging and
analysis in cells	


!

Y. Kumamoto, A. Taguchi, N. I. Smith, and Satoshi Kawata	

Nanophotonics Laboratory, RIKEN, Japan	

Biophotonics Laboratory, Immunology Frontier Research Center, Osaka University, Japan.	

Department of Applied physics and Photonics Center, Osaka University, Japan	


!

Raman spectroscopy enables chemical analysis and imaging of biomolecules in cells without any
molecular labeling. With excitation by deep-ultraviolet (DUV) light, Raman scattering of nucleotide bases
and aromatic amino acid residues is resonantly amplified and selectively observed in a cell, while
excitation by the visible (or near-infrared) light, which is often used for Raman spectroscopy in biology,
results in less signal from these molecules (see Fig. (a)).	

	

 We performed DUV resonance Raman imaging
[1] and analysis[2] of nucleotide bases and aromatic
amino acid residues in cells for the first time. Fig.
(b) shows a DUV Raman image of HeLa cells. The
image shows intensity distribution of a 1490 cm-1
band, seen in Fig. (a) as the intense and wellisolated band, and assigned to guanine and adenine.
In the image, one big and one small spots seen in the
middle of the right bottom cell are highlighted.
Fig. (a) DUV (λex =244nm, top)
These spots are recognizable as nucleoli where
and visible light (λex=532nm,
rDNA and rRNA densely exist. Around the nucleoli, 	

bottom) ex. Raman spectra of
mesh-like structure can be recognized. This structure
HeLa cells. (b) DUV Raman
can correspond to distribution of nucleosomes. The
image showing intensity
Raman intensity is also high at both wings of the
distribution of a 1490 cm-1 band.
cell. These regions correspond to the cytoplasm
The scale bar is 10 µm.
where rRNA, mRNA, and tRNA spread over.	

	

 For nucleotide imaging, Raman scattering was excited by frequency-doubled Ar+ laser of λ=257.2 nm.
The wavelength is the best among CW laser lines for resonantly exciting Raman scattering of nucleotide
bases. The laser beam was focused by a microscope objective (NA=1.35) onto the bottom of a cell in the
inverted microscope configuration. Scattered light from the sample was collected with the objective, and
was frequency-processed by a Rayleigh rejection filter. Then, the light was guided into the spectrometer,
and recorded as a spectrum with an cooled CCD camera. For each spectral measurement, the laser
intensity at the focus was set at 200 µW/µm2, and the sample was exposed to the excitation beam only for
0.2 sec. In order to get a 2-D hyperspectral image, we raster-scanned the sample over a fixed excitation
focal spot with acquiring single Raman spectrum for each scanning step. The scanning step length was set
at 333 nm, the length larger than FWHM of the Airy disk planar profile (~200 nm), so that biomolecules
are not cumulatively degraded by the excitation beam during imaging.	

	

 For bimolecular analysis, we switched the laser line to λ=244nm. The wavelength is good for
resonance excitation of both nucleotide bases and aromatic amino acids. With increasing exposure
duration (up to 12.5 sec), Raman bands of these biomolecules diminished, while a photoproduct Raman
band grew. By exponential function fitting analyses, intensities of those two biomolecular bands were
correlated with sample exposure duration at different intensities of excitation light.	

	

 These studies can shed light to a new aspect of Raman spectroscopy for biomolecular imaging and
analysis of cells and expand its applications in biology and medicine. 	


!

[1] Y. Kumamoto, et al., J. Biomed. Opt. 17, 076001 (2012)	

[2] Y. Kumamoto, et al., Biomed. Opt. Express 2, 927-936 (2011)
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Speaker: Gershon Kurizki
Session: Quantum Thermodynamics
Schedule: Tuesday Morning Plenary Session 1
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C4D M. Kolar, D. Gelbwaser-Klimovsky, R. Alicki and G. Kurizki. Quantum bath
refrigeration towards absolute zero: challenging the unattainability principle Phys. Rev.
Lett. 109, 090601 (2012).
[2] D. Gelbwaser-Klimovsky, R. Alicki and G. Kurizki. Minimal universal quantum heat
machine Phys. Rev. E 87, 012140 (2013).
[3] D. Gelbwaser-Klimovsky, R. Alicki and G. Kurizki. Work and energy gain of heatpumped quantized amplifiers EPL 103, 60005 (2013).

PQE-2014

180

Speaker: Christy Landes
Session: Frontiers in Plasmonics: Oligomers
Schedule: Thursday Morning Invited Session 1

Spectroelectrochemistry of Plasmonic Nanoparticles
Chad P. Byers‡, We-Shun Chang‡, Stephan Link‡*, Christy F. Landes‡
‡Department of Chemistry, Rice Quantum Institute; *Department of Electrical and Computer
Engineering, Rice University, Houston TX

Abstract
Despite attempts to understand the effect of nanoparticle surface charge density on catalytic
activity, controversy still remains, likely because of the sample heterogeneity that is intrinsic to
ensemble measurements. To overcome this problem, a direct correlation between
electrochemical activity and nanoparticle morphology and surface chemistry on the single
particle level is required. In this work, the intrinsic surface plasmon resonance of gold
nanoparticles is exploited as a high sensitivity local reporter on local charge density. To achieve
single particle spectro-electrochemical microscopy, we performed single particle dark-field
scattering spectroscopy of 20 - 50 nm gold nanoparticles in an electrochemical cell and
monitored the charging and discharging of single nanoparticles through changes in the surface
plasmon resonance that sensitively depends on the nanoparticle electron density.

Figure 1. The plasmon response during nonFaradaic charging of gold nanoparticles. (A) Dark field scattering
spectra of single 50 nm Au spheres on an indium tin oxide working electrode (WE) were collected under
electrochemical potential control in a sealed transparent electrochemical cell by means of inverted transmission
dark field microscope with incorporated electrochemical workstation and imaging spectrograph in the presence of
reference (RE) and counter (CE) electrodes. (B)Hyperspectral image (left) and spectra (right) are shown as a
function of applied potential during cyclic voltammetry. (C) Depiction of the nanoparticle and double-layer charging
that are expected by sweeping the applied potential from 0 to -800 mV (blue) or from 0 to 55 mV (red).
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Label-free quantitative chemical imaging with
hyperspectral coherent anti-Stokes Raman scattering microscopy
Wolfgang Langbein, Francesco Masia, and Paola Borri
School of Physics & Astronomy and School of Biosciences, Cardiff University, UK
Coherent anti-Stokes Raman scattering (CARS) microscopy is a chemically-sensitive label-free
multiphoton microscopy technique which has attracted much attention in the last decade for imaging in cell
biology [1]. In CARS, the difference frequency of two optical fields coherently drives the vibrational resonances
of molecules within the focal volume, and the light anti-Stokes scattered by the vibrations is detected.
We have developed a method to acquire and analyse hyperspectral CARS of organic materials and
biological samples resulting in an unbiased quantitative chemical analysis [2]. The method employs singular
value decomposition on the square root of the CARS intensity, providing an automatic determination of the
components above noise. Complex CARS susceptibility spectra, which are linear in the chemical composition,
are retrieved from the CARS intensity spectra using causality. We then use non-negative matrix factorization of
the imaginary part and the non-resonant real part of the susceptibility together with a constraint on the total
concentration to obtain susceptibility spectra of independently varying chemical components and their volume
concentration. We call this method Factorization into Susceptibilities and Concentrations of Chemical
Components (FSC3). The ability of the method to provide quantitative chemical analysis was shown on known
lipid mixtures and by imaging lipid-rich
mouse adipocytes. Cells were imaged in the
CH-stretch vibrational range (2400-3800) cm-1
5
on a home built multimodal microscope [3].
4
We retrieve and visualize the most significant
chemical components with spectra given by
3
water, lipid, and proteins, and we reveal the
2
chemical structure of the cell with details
visualized by the projection of the chemical
1
contrast into a few relevant channels. An
example of the resulting component spectra
0
2500
3000
3500
and concentration is shown to the right, where
-1
wavenumber
/
cm
the three dominant components have been
colour coded.
We furthermore show specificity to cellular compartments and components
which traditionally need to be stained to be identified. Specifically, we imaged
fixed U2OS cells with GFP tagged cyclin B1. The cells were arrested in different
stages of their natural cycle. An example of a cell undergoing mitosis imaged
using CARS and analysed with FSC3 is shown to the left, where the spatial
distribution of proteins is encoded in red, water in green and DNA in blue.
In summary, FSC3 enables fast, quantitative and unsupervised volumetric
chemical imaging, and should stimulate significant progress in the usefulness and
applicability of CARS micro-spectroscopy to cell biology and material science.
[1] Andreas Zumbusch , Wolfgang Langbein, Paola Borri, Progress in Lipid Research 52, 615 (2013)
[2] Masia F, Glen A, Stephens P, Borri P, Langbein W, Anal. Chem. 85, 10820 (2013)
[3] Pope I, Langbein W, Watson P, Borri P, Opt. Express 21, 7096 (2013)
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Conditional visibility and its connection to weak measurement
Jonathan Leach1 , Eliot Bolduc2 , Kevin Piché2 , Filippo. M. Miatto2 , Gerd Leuchs3 , Robert W. Boyd2,4
1

2

IPaQS, SUPA, Heriot-Watt, Edinburgh, UK
Dept. of Physics, University of Ottawa, 150 Louis Pasteur, Ottawa, Ontario, K1N 6N5 Canada
3
Max Planck Institute for the Science of Light, Erlangen, Germany and
4
Institute of Optics, University of Rochester, Rochester, USA
(Dated: December 12, 2013)

One of the quintessential features of quantum mechanics is embodied by the duality principle,
which forbids the coexistence of wave and particle behaviours. In this work, we demonstrate how a
small interaction between two quantum systems makes it possible to perform biased sampling that
can lead to apparent violation of the duality principle and behaviour similar to weak amplification.

The duality principle is one of the building blocks of quantum science. It provides us with one of the most
well-known statements about quantum mechanics: the presence of interference and the existence of whichalternative information are mutually exclusive. Greenberger and Yasin considered a two-alternative system
(a qubit), and after defining a quantitative measure of which-alternative information (the predictability
P) and a quantitative measure of interference (the visibility V), they demonstrated the result V 2 + P 2 = 1.
Englert studied the more formal situation of a qubit embedded in an environment, where interaction with
other quantum systems is possible [1], and where Greenberger and Yasin’s result is generalized to the
inequality
V 2 + P 2 ≤ 1.

(1)

The significance of the duality principle is in the fact that the involved quantities bound each other: the
more is known about the alternatives, the less they can interfere and vice versa. This principle has been put
to the test many times in many different regimes [2]. In all of the experimental tests, the duality principle
always prevailed. In a recent experiment, Menzel et al. reported high which-alternative information and
high visibility fringes in a single experiment [3]. They used pairs of photons entangled in position and
momentum generated though spontaneous parametric down-conversion (SPDC) with a type II nonlinear
crystal and a Hermite-Gaussian pump mode.
In our work, we exploit the presence of two degrees of freedom in a single physical system, to model
both a qubit and the environment. To keep the treatment simple, and without losing any power in our
arguments, we consider an environment which is also a qubit. A convenient way of realizing this situation
in an optics framework is by exploiting the polarization and two eigenmodes of orbital angular momentum
of value +` and −`. The fact that we have a pair of two-alternative systems at hand makes it possible to
lift the distinction between main system and environment, albeit V and P will have to consistently refer
to one of them. We will see that interesting results will follow from the symmetry of the two roles.
We find an analogy between conditional visibility measurements and weak measurement due to a symmetry of the measurement procedures: the roles of system and environment are interchanged in the two
cases. In the case of conditional visibility, a measurement on the system is performed after successful
selection of a state of the environment, while in the case of weak measurement, a measurement on the
environment (usually called “pointer”) is performed after successful selection of a state of the system [4, 5].
The analogy of these two procedures, together with the symmetry between system and environment, indicates that one can formulate our experimental findings within the framework of weak measurement. This
result provides insight into the nature of weak measurement and is consistent with the recent notion that
weak values are present in all von Neumann measurement schemes [6].

[1] B.-G. Englert, Physical review letters 77, 2154 (1996).
[2] S. Dürr, T. Nonn, and G. Rempe, Physical review letters 81, 5705 (1998).
[3] R. Menzel, D. Puhlmann, A. Heuer, and W. P. Schleich, Proceedings of the National Academy of Sciences 109,
9314 (2012).
[4] Y. Aharonov, D. Z. Albert, and L. Vaidman, Physical review letters 60, 1351 (1988).
[5] N. Ritchie, J. Story, and R. G. Hulet, Physical review letters 66, 1107 (1991).
[6] J. Dressel and A. N. Jordan, Physical review letters 109, 230402 (2012).
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TERS of Amyloid Fibrils: Method Supremacy and Challenges in Data
Interpretation
Igor K. Lednev,† Dmitry Kurouski,† Tanja Deckert-Gaudig‡ and Volker Deckert‡,§
†

University at Albany, State University of New York, 1400 Washington Avenue, Albany, NY,
12222, USA. ilednev@albany.edu
‡
Institute of Photonic Technology, Albert-Einstein-Str. 9, Jena, Germany 07745.
§
Institute for Physical Chemistry, University of Jena, Helmholtzweg 4, Jena, Germany 07743.
Amyloid fibrils associated with many neurodegenerative diseases are the most intriguing targets
of modern structural biology. Significant knowledge has been accumulated about the
morphology and fibril-core structure recently. However, no conventional methods could probe
the fibril surface despite its significant role in the biological activity. Tip-enhanced Raman
spectroscopy (TERS) offers a unique opportunity to characterize the surface structure of an
individual fibril due to a high depth and lateral spatial resolution of the method in the nanometer
range. Here, TERS is utilized for characterizing the secondary structure and amino acid residue
composition of the surface of insulin fibrils including fibril polymorphs(1) and protofilaments (2).
It was found that the fibril surface is strongly
heterogeneous and consists of clusters with
β-sheet
various protein conformations. The propensity
of various amino acids on the fibril surface and
specific surface secondary structure elements
were evaluated. The comparison of surface
properties revealed significant differences for
two insulin fibril polymorphs prepared at
different pH as well as its kinetic preciouses
(protofilaments).
Challenges in TERS
spectrum interpretation (3) will be discussed.
Scan direction
Overall, this study provides valuable new
information
about
the
structure
and
α-helix and
composition of the insulin fibril surface and
β-sheet
demonstrates the power and supremacy of
TERS for fibril characterization.
1. D. Kurouski, T. Deckert-Gaudig, V. Deckert, I. K. Lednev, Structure and composition of
insulin fibril surfaces probed by TERS. J Am Chem Soc 134, 13323 (2012).
2. D. Kurouski, T. Deckert-Gaudig, V. Deckert, I. K. Lednev, Surface Characterization of Insulin
Proto-filaments and Fibril Polymorphs Using Tip Enhanced Raman Spectroscopy (TERS).
Biophys J (2013) in press.
3. D. Kurouski, T. Postiglione, T. Deckert-Gaudig, V. Deckert, I. K. Lednev, Amide I vibrational
mode suppression in surface (SERS) and tip (TERS) enhanced Raman spectra of protein
specimens. Analyst 138, 1665 (2013).
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Robust Photon Interactions in Detuned Optomechanical Cavities
Hao-Kun Li1,2, Xue-Xin Ren1,2, Yong-Chun Liu2, and Yun-Feng Xiao2
1NSF
2State

Nanoscale Science and Engineering Center, University of California, Berkeley, California, USA
Key Laboratory for Mesoscopic Physics and School of Physics, Peking University, Beijing, China

Coherent photon-photon interactions are essential in both fundamental studies of exotic quantum
optical phenomena and various applications, ranging from optical quantum computation and
simulation to information processing. Benefiting from the capability of mechanical oscillators to
couple to diverse optical fields, cavity optomechanical systems open up great avenues in bridging
interactions between photons with vastly different wavelengths [1]. Experimentally, strong
optomechanical couplings that exceed cavity dampings have been demonstrated in optical and
microwave cavities [2,3], showing great potential for photon manipulations. However,
mechanical oscillators inherently suffer from thermal noise, which has been one of the main
obstacles of generating and manipulating photon states.

(a) Schematic of the system, where a mechanical mode
is coupled to an optical cavity mode and a microwave
cavity mode. (b) Two lasers drive near the red sidebands
of the cavity modes. (c) Two lasers drive near the red
and blue sidebands of the respective cavity modes.

Here, we propose to realize effective beamsplitter-like and two-mode-squeezing photon
interactions in three-mode optomechanical
systems (Fig. (a)) by employing detuned
driving lasers [4], as shown in Figs. (b) and
(c). In the optomechanical system, the
transitions between the optical and the
mechanical states are greatly suppressed by
the large energy offsets. Consequently, the
photon-photon interactions are robust against
mechanical thermal dissipations. In addition,
the destructive quantum interference in the
optomechanical interface brings a significant
advantage that photon state manipulations
are insensitive to initial mechanical thermal
states. The system can serve as a universal
building block for photon state engineering
and hybrid quantum networks in hightemperature thermal bath and without the
requirement of cooling the mechanical
oscillator down to the ground state.

[1] T. J. Kippenberg and K. J. Vahala, Science 321, 1172 (2008).
[2] S. Gröblacher, K. Hammerer, M. R. Vanner, and M. Aspelmeyer, Nature 460, 724 (2009).
[3] J. D. Teufel, D. Li, M. S. Allman, K. Cicak, A. J. Sirois, J. D. Whittaker, and R. W.
Simmonds, Nature 471, 204 (2011).
[4] H.-K. Li, X.-X. Ren, Y.-C. Liu, and Y.-F. Xiao, Phys. Rev. A 88, 053850 (2013).
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Determining system Hamiltonian with optical three-dimensional
coherent spectroscopy
Hebin Li
Department of Physics, Florida International University, Miami, FL 33199

Quantitative knowledge of a system’s Hamiltonian enables prediction and control of quantum systems.
One example is coherent control through light-matter interaction. The primary principle for coherent
control is manipulation of constructive and destructive interference of quantum pathways between the
initial and target states.1,2 Except for the simplest cases, the initial and target states are connected by many
quantum pathways. Thus, control is more easily achieved if sufficient details about each contributing
pathway or the underlying Hamiltonian are known. However, it is difficult to calculate the Hamiltonian of
a complex system, especially when factors such as inter-particle interactions, incoherent processes and
environmental fluctuations must be taken into account. Thus, the components of the Hamiltonian need to
be determined through experiment. The challenge is how to completely isolate each pathway so that the
information can be unambiguously identified for each particular process.
We experimentally demonstrated that quantum pathways can be isolated and independently studied
using optical three-dimensional coherent spectroscopy3 (3DCS). Optical 3DCS is an extension of twodimensional coherent spectroscopy4 (2DCS), which is itself a powerful tool for studying the coupling and
dynamics in complex systems. An important advantage of 2DCS is the ability to disentangle quantum
pathways by unfolding a one-dimensional spectrum onto a two-dimensional plane. For many systems,
however, the quantum pathways are only partially separated in 2DCS. To completely isolate the quantum
pathways, 2DCS is extended into a third dimension to further unfold the spectrum.

Fig. 1: (a) Experimental
schematic. The inset shows
the pulse ordering. (b) A
typical 3D spectrum of a K
vapor with projected 2D
spectra on various planes.

Based on the three-pulse transient four-wave mixing (TFWM) experiment shown in Fig. 1(a), a 3D
spectrum [Fig. 1(b)] of a potassium vapor is generated by Fourier-transferring the TFWM signal with
respect to the time delays. Within the bandwidth of the excitation laser, the 3D spectrum contains the full
third-order coherent response of the potassium, and spectral contributions from different quantum
pathways are unambiguously isolated. Therefore, the parameters describing each quantum pathway,
including the transition energies, dipole moments and relaxation rates, can be determined from the
spectrum and the system Hamiltonian can be constructed. These measurements provide the information
required for a control scheme that uses the same bandwidth pulses and is based on the third-order optical
response. This experiment is a critical step towards the complete experimental determination of a
system’s Hamiltonian.
1. P.Brumer et al., Chem. Phys. Lett. 126, 541 (1986).
2. W.S. Warren et al., Science 259, 1581 (1993).
3. H. Li et al., Nat. Commun. 4, 1390 (2013).
4. S.T. Cundiff and S. Mukamel, Phys. Today 66, 44 (2013).

PQE-2014

186

Speaker: Wen-Te Liao
Session: Coherent and Quantum X-ray optics
Schedule: Wednesday Morning Invited Session 1

X-Ray Quantum Phase Control Using Nuclear Polaritons
Wen-Te Liao*, Christoph H. Keitel and Adriana Pálffy
Max Planck Institute for Nuclear Physics
*wen-te.liao@mpi-hd.mpg.de
The photon is anticipated to be the fastest information carrier and provides the most efficient
computing implementation. Forwarding optics and quantum information to the x-ray region has the
potential of shrinking future photonic devices. In this talk I will discuss about the control of single
x-ray quanta in nuclear forward scattering [1] (see Fig. 1), which includes coherent storage, phase
modulation and the production of single photon entanglement states [2, 3] via manipulating single
nuclear excitation, namely a nuclear polariton. Our schemes may provide a promising application in
the future for quantum technology on a compact scale of hard x-ray wavelength.

Figure 1 (a) The diffraction limit of optical photons will become the bottleneck of downsizing computing elements in
future photonic devices. (b) Typical NFS setup. The resonant x-ray pulse shines on the nuclear solid state sample
depicted by the green rectangle. After each pulse, the delayed nuclear response in the forward direction is recorded by
the detector. Γ is the spontaneous decay rate of nuclear excited states, and the blue thick vertical arrow shows the
applied hyperfine magnetic field B(t). (c) 57Fe ground and first excited state nuclear hyperfine levels. In this example,

Δm = 0 transitions are driven by linearly polarized x-rays. (d) Intensity of the coherently scattered light in the
forward direction (red solid line) for an incident field driving the Δm = 0 transitions. The hyperfine magnetic field
the

depicted by the blue short-dashed line is kept constant during the scattering for this example. (e) single x-ray photon is
coherently stored by turning off the B field at each time when the NFS intensity is minimal.

[1] Yu. Shvyd’ko et al., Phys. Rev. Lett. 77, 3232 (1996).
[2] W.-T. Liao, A. Pálffy and C. H. Keitel, Phys. Rev. Lett. 109, 197403 (2012).
[3] W.-T. Liao and A. Pálffy, arXiv:1308.3121 (2013).
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Monitoring Charge Interactions through Changes in the Plasmon
Linewidth
Anneli Hoggard§, Lin-Yung Wang§, Lulu Ma†, Ge You†, Ying Fang§, Jana Olson§, Zheng Liu†,
Wei-Shun Chang§, Pulickel M. Ajayan†, and Stephan Link§,*
§

Department of Chemistry, †Department of Mechanical Engineering and Materials Science, and
*
Department of Electrical and Computer Engineering, Laboratory for Nanophotonics, Rice
University, Houston, Texas 77005, United States

We present a quantitative analysis of the electron transfer between single gold nanorods and a
monolayer of graphene under no electrical bias. Using single particle dark-field scattering and
photoluminescence spectroscopy to access the homogenous linewidth, we observe broadening of
the surface plasmon resonance for gold nanorods on graphene compared to nanorods on a quartz
substrate. Because of the absence of
spectral plasmon shifts, dielectric
interactions between the gold nanorods
and graphene are not important and we
assign the plasmon damping to charge
transfer between plasmon-generated hot
electrons and the graphene that acts as an
efficient acceptor.
Analysis of the
plasmon linewidth yields an average
electron transfer time of 160 ± 30 fs,
which is otherwise difficult to measure
directly in the time domain with single
particle sensitivity. In comparison to
intrinsic hot electron decay and radiative
relaxation, we furthermore calculate from
the plasmon linewidth that charge
transfer between the gold nanorods and
the graphene support occurs with an
Figure 1. A, B) Dark-field scattering images of gold nanorods
efficiency of ~ 10%. Our results are
on quartz (A) and graphene (B). C) Normalized scattering
spectra of a representative single nanorod on quartz and
important for future applications of light
graphene as indicated by the circles in the images. The
harvesting with metal nanoparticle
homogeneous linewidth (Γ) and resonance energy (Eres) were
determined from a Lorenztian fit. D) The complementary
plasmons and efficient hot electron
cumulative distribution function of the plasmon linewidth from
acceptors as well as for understanding
100 single nanorods on quartz and 95 single nanorods on
hot electron transfer in plasmon-assisted
graphene. The same data is shown as a histogram in the inset.
chemical reactions.
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Free Space Metamaterials
Natalia M. Litchinitser,1 Zhaxylyk A. Kudyshev,1 Scott Will1 and Martin C. Richardson2
1
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One of the fundamental challenges in transmitting and routing microwaves in air is inevitable divergence
because of diffraction, and the lack of guiding and beam steering “components” when the beam
propagates in free space. Moreover, detection of radar signals in a realistic environment may be
negatively affected by the divergence of the beam resulting from distortions by natural obstacles, e.g., by
non-planar landscapes. To overcome the distortion of beams propagating in such environments, some way
of guiding the beam around obstacles is necessary.
The development of ordered structures of laser-induced plasma filaments opens the possibility of creating
conductive filamentary structures capable of guiding microwave frequency beams. In the last few years,
various types of filament-based waveguides have been proposed for channeling microwaves [1-4]. While
this approach offers a way to counteract the
diffraction of a radar signal over some distance,
the issues of beam steering and coupling
microwave signals into such waveguides are
likely to be challenging.
We proposed a fundamentally new approach
based on unique physical properties of virtual
hyperbolic metamaterials formed of plasma
filaments in air [5]. We show that these
structures can be used for focusing, guiding and
steering radar signals to facilitate new degrees of
freedom in the detection of such signals in
realistic
environments.
Conventionally,
hyperbolic metamaterials are realized using
either metal/dielectric multilayers or an array of
metal wires in a dielectric matrix. Here, we
show that an array of plasma filaments formed
by the propagation of intense short pulses in air
is able to form a virtual hyperbolic metamaterial
structure. Indeed, plasma filaments play the role
of metal wires and the air plays the role of a
dielectric host.
Figure 1. Top: Schematic illustration of the filament-based
virtual hyperbolic metamaterial (VHMM) formed of laserinduced plasma filaments (wires) in air for microwave signal
guiding (schematically shown as trace of the beam); Bottom:
The field intensity distribution for TM-polarized continuous
wave Gaussian beam at wavelength λ=5 cm propagating in air
(left) and in a VHMM (right).

In summary, in this work we show that virtual
hyperbolic metamaterials can be used to reduce
microwave beam divergence, route beams
around the obstacles, and improve angular
resolution of microwave radars.
This work was supported by US ARO under
Awards # W911NF-11-1-0333 and MURI Grant
W911NF-11-0297.

[1] Musin, R. R., Shneider, M. N., Zheltikov, A. M., and Miles, R. B., Appl. Opt. 46, 5593-5597 (2007).
[2] Châteauneuf, M., Payeur, S., Dubois, J., and Kieffer, J.-C., Appl. Phys. Lett. 92, 091104 (2008).
[3] Alshershby, M., Lin, J., and Hao, Z., J. Phys. D: Appl. Phys. 45,065102 (2012).
[4] Alshershby, M.,Hao, Z., and Lin, J., J. Phys. D: Appl. Phys. 45,265401 (2012).
[5] Kudyshev, Z. A., Richardson, M.C., and Litchinitser, N.M., Nature Communications 4, 2557 (2013).
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  Engineer’s	
  Best	
  Friend!	
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Diamond	
  possesses	
  remarkable	
  physical	
  and	
  chemical	
  properties,	
  and	
  in	
  many	
  ways	
  is	
  the	
  ultimate	
  
engineering	
  material	
  -‐	
  “the	
  engineer’s	
  best	
  friend!”	
  For	
  example,	
  it	
  has	
  high	
  mechanical	
  hardness	
  and	
  
large	
  Young’s	
  modulus,	
  and	
  is	
  one	
  of	
  the	
  best	
  thermal	
  conductors.	
  Optically,	
  diamond	
  is	
  transparent	
  
from	
  the	
  ultra-‐violet	
  to	
  infra-‐red,	
  has	
  a	
  high	
  refractive	
  index	
  (n	
  =	
  2.4),	
  strong	
  optical	
  nonlinearity	
  and	
  a	
  
wide	
  variety	
  of	
  light-‐emitting	
  defects.	
  Finally,	
  it	
  is	
  biocompatible	
  and	
  chemically	
  inert,	
  suitable	
  for	
  
operation	
  in	
  harsh	
  environment.	
  These	
  properties	
  make	
  diamond	
  a	
  highly	
  desirable	
  material	
  for	
  many	
  
applications,	
  including	
  high-‐frequency	
  micro-‐	
  and	
  nano-‐electromechanical	
  systems,	
  nonlinear	
  optics,	
  
magnetic	
  and	
  electric	
  field	
  sensing,	
  biomedicine,	
  and	
  oil	
  discovery.	
  One	
  particularly	
  exciting	
  application	
  
of	
  diamond	
  is	
  in	
  the	
  field	
  of	
  quantum	
  information	
  science	
  and	
  technology,	
  which	
  promises	
  realization	
  of	
  
powerful	
  quantum	
  computers	
  capable	
  of	
  tackling	
  problems	
  that	
  cannot	
  be	
  solved	
  using	
  classical	
  
approaches,	
  as	
  well	
  as	
  realization	
  of	
  secure	
  communication	
  channels.	
  At	
  the	
  heart	
  of	
  these	
  applications	
  
are	
  diamond’s	
  luminescent	
  defects—color	
  centers—and	
  the	
  nitrogen-‐vacancy	
  (NV)	
  color	
  center	
  in	
  
particular.	
  This	
  atomic	
  system	
  in	
  the	
  solid-‐state	
  possesses	
  all	
  the	
  essential	
  elements	
  for	
  quantum	
  
technology,	
  including	
  storage,	
  logic,	
  and	
  communication	
  of	
  quantum	
  information.	
  	
  
I	
  will	
  review	
  recent	
  advances	
  in	
  nanotechnology	
  that	
  have	
  enabled	
  fabrication	
  of	
  nanoscale	
  optical	
  
devices	
  and	
  chip-‐scale	
  systems	
  in	
  diamond	
  that	
  can	
  generate,	
  manipulate,	
  and	
  store	
  optical	
  signals	
  at	
  
the	
  single-‐photon	
  level.	
  Examples	
  include	
  a	
  room	
  temperature	
  source	
  of	
  single	
  photons	
  based	
  on	
  
diamond	
  nanowires1	
  (Figure	
  A)	
  and	
  plasmonic	
  appertures2,	
  as	
  well	
  as	
  single-‐photon	
  generation	
  and	
  
routing	
  inside	
  ring3	
  (Figure	
  B)	
  and	
  photonic	
  crystal	
  resonators	
  (Figure	
  C)	
  fabricated	
  directly	
  in	
  diamond4.	
  
In	
  addition	
  to	
  these	
  quantum	
  applications	
  I	
  will	
  present	
  our	
  recent	
  work	
  on	
  diamond	
  based	
  on-‐chip	
  
frequency	
  combs,	
  as	
  well	
  as	
  diamond	
  nanomechanical	
  resonators	
  (Figure	
  D).	
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Speaker: Mikhail Lukin
Session: Special Plenary Session
Schedule: Tuesday afternoon plenary session

New interfaces between quantum optics and
nanoscience
Mikhail Lukin
Physics Department, Harvard University
Cambridge MA
We will discuss recent developments involving a new scientific
interface between quantum optics and nanoscience. It involves
the use of quantum optical techniques in a combination with
nanoscale localization of light and atoms inside or near solidstate systems. Specially, realization of quantum optical phase
switch operating at a single photon level will be presented. In
addition, new applications involving nanoscale magnetic and
temperature sensing in living cells will be discussed.
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Speaker: Kai-Hong Luo
Session: Novel techniques for improved resolution in optics and laser spectroscopy
Schedule: Monday evening invited session

High-Visibility Correlated Imaging with Thermal Light
Kai-Hong Luo,1,2 Xi-Hao Chen,1 Ling-An Wu1
1 Institute of Physics, Chinese Academy of Sciences, Beijing100190, China
2 Integrated Quantum Optics, Applied Physics, University of Paderborn,
Warburger Str. 100, D-33098, Paderborn, Germany
Correlation measurement is used to characterize the statistical and coherence properties of light, and has
indeed been widely demonstrated to improve the resolution in many fields. For example, second-order
temporal correlation between photons can reveal the linewidth of a narrowband photon pair source which
may not be resolvable using traditional spectrometry.
Here we discuss the possible potential to improve the resolution by using high-order correlation in lensless
correlated imaging. We find that the image quality can be greatly enhanced when higher-order correlations
in the spatial domain are taken, whether the object is ordinary or periodical. In principle, the visibility
can be improved if higher-order correlation measurements are performed, theoretically reaching 1 as the
order N approaches infinity, as shown in Fig. 1. We first demonstrated this experimentally for values of
N up to 20 with pseudothermal light but actually using only two detectors [1]. We have also demonstrated
that the correlated Talbot self-imaging effect with incoherent thermal light can be similarly generalized to
high orders with significant improvement [2]. However, longer integration times are required owing to the
increased fluctuations of higher-order intensity correlation functions. To overcome this limitation, we have
devised a type of "logical correspondence" correlated imaging by conditional averaging of the reference
frames, which only see the freely propagating field from the thermal source [3]. Compared with conventional
intensity correlation imaging, both the number of exposures and computation time are greatly reduced, while
the image visibility is much improved. These methods promise a way to improve the resolution for potential
applications, such as metrology, positioning, and imaging, where conventional techniques are limited or
cannot be used.

(a)

(b)

Figure 1: (a) Experimental setup for arbitrary-order lensless correlated imaging with a pseudothermal light
source. (b) (from Ref. [1]) Experimental results of 2nd, 4th, 6th, 8th and 10th order lensless correlated
imaging of a double-slit along one cross-section; each point on the plot is an average of the raw data from 5
pixels; the solid lines are Gaussian fits.
[1] X. H. Chen, I. Agafonov, K. H. Luo, Q. Liu, R. Xian, M. Chekhova, and L. A. Wu, Opt. Lett. 35, 1166 (2010).
[2] K. H. Luo, X. H. Chen, Q. Liu, and L. A. Wu, Phys. Rev. A 82, 033803 (2010).
[3] K. H. Luo, B. Huang, W. M. Zheng, and L. A. Wu, Chin. Phys. Lett. 29, 074216 (2012).
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Speaker: Kai-Hong Luo
Session: Poster Session
Schedule: Poster Session

Two-color narrowband photon pair source with high brightness
based on clustering in a monolithic waveguide resonator
Kai-Hong Luo, Harald Herrmann, Stephan Krapick, Raimund Ricken, Viktor Quiring,
Hubertus Suche, Wolfgang Sohler, Christine Silberhorn
Integrated Quantum Optics, Applied Physics, University of Paderborn,
Warburger Str. 100, D-33098, Paderborn, Germany
The future of quantum communication relies on sophisticated sources of single photon pairs which feature
high brightness, narrow spectrum and excellent purity. For practical realizations, stable, miniaturized, low-cost
devices are required, especially for addressing the absorption line of the storage medium in a quantum memory
with one photon and transmit the second over a fiber network.
One promising approach to generate such narrowband pairs is to use resonance enhancement of parametric
down-conversion (PDC) within a cavity. Here we report on an integrated non-degenerate narrowband photon
pair source via type II PDC in a Ti-indiffused periodically poled lithium niobate (Ti:PPLN) waveguide with
high-reflective dielectric mirrors deposited on the waveguide end faces [1]. In the doubly resonant waveguide,
the material dispersion results in different free spectral ranges for signal and idler. As maximum enhancement
is only obtained if both signal and idler are resonant simultaneously, PDC is generated only in certain regions of
the spectrum, so called ’clusters’, shown as Fig. 1.
The conversion spectrum in single-photon level consists of three clusters and only 3 to 4 longitudinal modes
with about 150 MHz bandwidth in each cluster. The high conversion efficiency in the waveguide, together with
the spectral clustering in the double resonator, leads to a high brightness of 3 × 103 pairs/(s· mW·MHz), typically
2 to 3 orders of magnitude more efficient than in bulk crystals. The compact and rugged monolithic design makes
the source a versatile device for various applications in quantum communication.

(a)

Signal
(890 nm)

(c)

Pump
(532 nm)

Idler
(1320 nm)

(b)

=

-

10 mm

Figure 1: (a) An integrated doubly resonant waveguide with poling period of Λ = 4.44 µ m. (b) The actual
device compared to a one cent euro coin (16.25 mm diameter). (c) Clustering effect. Photon pair generation by
PDC obeying energy conservation and phase-matching (green dashed curve) occurs only if signal and idler are
resonant simultaneously. Thus, the product of the two frequency combs (red and blue) and the phase-matching
determines the spectrum of the resonant PDC source.
[1] K. H. Luo et al., arXiv:1306.1756 (2013).
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Speaker: Lute Maleki
Session: New Directions in Photonic Microwave Synthesis
Schedule: Monday Morning Invited Session 1

The	
  New	
  Generation	
  of	
  Photonically	
  Generated	
  Microwave	
  and	
  
mm-‐Wave	
  Oscillators	
  
Lute	
  Maleki	
  
OEwaves,	
  Inc.,	
  Pasadena,	
  CA	
  
	
  
Photonic	
  generation	
  of	
  spectrally	
  pure	
  microwave	
  and	
  mm-‐wave	
  oscillators	
  was	
  
seriously	
  considered	
  with	
  the	
  introduction	
  of	
  the	
  Opto-‐Electronic	
  Oscillator	
  in	
  the	
  
early	
  1990’s.	
  	
  Since	
  then,	
  advances	
  based	
  on	
  the	
  use	
  of	
  crystalline	
  optical	
  whispering	
  
gallery	
  mode	
  (WGM)	
  resonators	
  has	
  led	
  to	
  advances	
  in	
  oscillators	
  that	
  outperform	
  
conventional	
  electronic	
  oscillators,	
  in	
  miniature	
  size,	
  and	
  small	
  weight	
  and	
  power	
  
consumption.	
  	
  As	
  a	
  result,	
  these	
  generations	
  of	
  oscillator	
  are	
  being	
  used	
  in	
  a	
  variety	
  
of	
  applications	
  related	
  to	
  radar	
  and	
  communications.	
  	
  In	
  this	
  talk	
  the	
  latest	
  
developments	
  in	
  realization	
  of	
  advanced	
  oscillators	
  based	
  on	
  optical	
  WGM	
  
resonators	
  will	
  be	
  described.	
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Speaker: Svetlana Malinovskaya
Session: Femtosecond microscopy in the single molecule limit
Schedule: Tuesday evening invited session

Enhanced contrast CARS for a single molecule imaging
Svetlana A. Malinovskaya
Department of Physics and Engineering Physics
Stevens Institute of Technology, Hoboken, NJ 07030
Nonlinear optics has been at the heart of modern
imaging techniques that require noninvasive measurements with high spectral selectivity. Coherent
anti-Stokes Raman scattering belongs to one of the
frontiers of molecular microscopy with broad applications in biology and medicine. There has been a
demand for the advancement of CARS microscopy
to distinguish between related species having vibraFigure 1: The Wigner diagrams for the pump pulse with
tional frequency differences within a fraction of a
the ’roof’ chirp (left) and a linearly chirped Stokes pulse
wave number and to register a coherent signal from
(right).
a single molecule. That is where pulse shaping
technology may prove useful allowing active phaseamplitude control to maximize CARS signal. We
have developed a method for ultrafast pulse shaping in CARS that allows enhancing CARS signal by
three orders of magnitude and suppressing the background to result in a measurement sensitive enough
to observe single molecules. The method creates the
maximum virational coherence in a predetermined Figure 2: FROG trace of a transform-limited pulse (left)
molecular fragment by making use of the chirp vari- and a pulse with the ’roof’ chirp (right).
ation of the pump and Stokes pulse [1], Fig.1. The
method was patented [2] and the proposed pulse
shaping was realized experimentally, Fig.2. We have analyzed the impact of spontaneous decay and collisional
dephasing on controllability, [3], and showed that the proposed method allows to sustain high coherence in
the desired vibration when implemented in the form of two chirped pulse trains with the pulse repetition
rate close to spontaneous decay rate. Also, we investigated the impact of the coupling between vibrational
modes on controllability of selective excitation of Raman active vibrational modes, [4]. The method may
be implemented to detect the high energy phosphorus-oxygen bond in the adenosine triphosphate (ATP)
known as the ”energy currency” of the cell.

References
[1] S. A. Malinovskaya, V. S. Malinovsky, “Chirped Pulse Adiabatic Control in CARS for Imaging of
Biological Structure and Dynamics”, Optics Lett. 32, 707 (2007).
[2] Patent: S.A. Malinovskaya, V.S. Malinovsky, “CARS microscopy and spectroscopy using ultrafast
chirped pulses”, USP 7847933 (2010).
[3] S. A. Malinovskaya, “Prevention of decoherence by two femtosecond chirped pulse trains”, Optics Lett.
33, 2245 (2008).
[4] Vishesha Patel, Vladimir Malinovsky, Svetlana Malinovskaya, “Effects of phase and coupling between
the vibrational modes on selective excitation in CARS microscopy”, Phys. Rev. A 81, 063404 (2010).
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Speaker: David J. Masiello
Session: Frontiers in Plasmonics: Quantum Effects
Schedule: Tuesday evening invited session

Signatures of Electromagnetic Hot Spots and Fano Interferences
in Electron Energy-Loss and Cathodoluminescence Spectroscopies
David J. Masiello
Department of Chemistry, University of Washington, Seattle, WA 98195-1700
web: http://faculty.washington.edu/masiello

Electron energy-loss spectroscopy (EELS) performed in the scanning transmission electron
microscope (STEM) offers a powerful means by which to study nanoscale light-matter interactions with sub-angstrom-scale spatial resolution. This technique is now being applied to
probe surface-plasmon-supporting metal nanostructures, where a wealth of new information
is being revealed that was previously unobtainable with standard optical techniques. These
experiments provide an impetus for the implementation of theoretical methodologies capable
of elucidating the differences between optically- and electronically-driven plasmons and their
associated nanophotonic properties. In this talk, I will discuss our recent work in this area
aimed at determining the signatures of electromagnetic hot spots, such as those responsible
for single molecule surface-enhanced Raman scattering (SMSERS), in STEM/EELS based
upon multiscale numerical simulations. I will also introduce a class of exotic interference
features known as Fano resonances and predict, via simulations, their appearance in EELS
and cathodoluminescence.
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Speaker: Igor Mazets
Session: Quantum Thermodynamics
Schedule: Tuesday Morning Invited Session 1

Relaxation of phonons in a one-dimensional integrable bosonic system
I.E. Mazets1,2, M. Kuhnert1, T. Langen1, R. Geiger1,3, and J. Schmiedmayer1
1

2

VCQST, Atominstitut (TU Wien), 1020 Vienna, Austria
Ioffe Physico-Technical Institute, 194021 St. Petersburg, Russia
3
Université Pierre et Marie Curie, 75014 Paris, France

Ultracold bosonic atoms trapped on atom chips in the effective one-dimensional (1D) geometry offer an
experimental realization of the celebrated quantum integrable Lieb-Liniger model, or, from the
macroscopic point of view, its classical analog, the 1D non-linear Schrödinger equation. We demonstrate
that the further relaxation of a prethermalized state established after a coherent splitting of a
quasicondensate of 87Rb atoms and subsequent dephasing of elementary excitations [1] is consistent with
the theory [2] that assumes only non-linear interactions in a classical-field integrable model and does not
require any integrability-breaking effects. The physical reason for thermalization of phononic degrees of
freedom in such a system is that the occupation numbers of the phonon modes are not the integrals of
motion (the non-trivial integrals of motion being hardly experimentally measurable).
We show that the time dependence of the temperature T(t) of the antisymmetric mode measured in the
course of the relaxation from the prethermalized state to the thermal equilibrium is consistent with the
theoretical expression:
T(t)/T(∞) = { [T(∞)/T(0)] exp [ – (t/τT)

2/3

–1

] + 1 – exp [ – (t/τT) 2/3]}

,

(1)

where the scaling time
3

2

2

τT = κ ћ n1D /{m [kBT(∞)] }

(2)

does not depend on the speed of sound and depends on the equilibrium temperature T(∞) and the 1D
number density n1D of atoms of the mass m; the numerical coefficient κ ≈ 0.72 is not a fitting parameter,
but is calculated ab initio.
Figure 1. Relaxation time
fitted using Eq. (1) from
the experimental data
(points) and its value
predicted by Eq. (2)
(dashed line) on the loglog scale. The shadowed
area corresponds to the
uncertainty of the number
density n1D= (43+7) μm–1.

We acknowledge the support from the FWF (project P 22590-N16) and the ERC grant.
[1] M. Gring et al., Science 337, 1318 (2012).
[2] H.-P. Stimming, N. J. Mauser, J. Schmiedmayer, I. E. Mazets, Phys. Rev. A 83, 023618
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Speaker: Tom Mazur
Session: Controlling Matter with Light
Schedule: Thursday evening invited session

Scalable isotope separation at high efficiency
Thomas R. Mazur, Bruce Klappauf, and Mark G. Raizen
Center for Nonlinear Dynamics and Department of Physics
The University of Texas at Austin, Austin, TX 78712
We describe a proof-of-principle experiment demonstrating a technique for efficiently enriching many stable isotopes in a scalable manner [1]. Over the past century a large number of enriched isotopes have become available,
thanks largely to electromagnetic separators called calutrons that were developed during World War II. These isotopes
have found applications across an array of fields including medicine, basic science, and energy. Due to substantial
maintenance and operating costs, the United States decommissioned the last of its calutrons in 1998, leading to demand for alternative methods of isotope separation. Our experiment suggests a viable alternative for replenishing
stockpiles previously provided by calutrons.
Our apparatus, outlined in Figure 1, combines optical pumping with a scalable magnetic field gradient to
enrich Li-7 from a lithium atomic beam. Li-6 atoms
evaporated from lithium metal feedstock are first optically pumped into the entirely high-field seeking 2S1/2 ,
F = 1/2 ground state. The resultant beam then enters
a magnetic field gradient produced by a 1.5 m long array of rare-earth permanent magnets bent over its length
by 20 mrad. This geometry prevents high-field seeking lithium atoms from reaching the plane beyond the
magnets, while efficiently deflecting low-field seeking
atoms.
Using enriched Li-6 as our feedstock for enhanced
Figure 1: Schematic of our proof-of-principle experiment. (a) Lithium metal is first
heated in a crucible to a vapor pressure of close to 1 Pa. (b) Li-6 atoms in the
resulting effusive beam are pumped into the 2S1/2 , F = 1/2 ground state. (c) The
atomic beam then enters a 1.5 m long array of permanent magnets arranged in a
Halbach configuration. The array obstructs line-of-sight from beyond the magnets
to the source, blocking optically pumped Li-6 atoms while deflecting a fraction of
low-field seeking Li-7 atoms to a collection plane beyond the magnets.

sensitivity, we have observed nearly complete suppression of Li-6 throughput at source temperatures up to
600 ◦ C and over a range of laser powers. We likewise
confirmed that the magnet array deflects a substantial
fraction of low-field seeking Li-7 atoms. Scaling the apparatus geometry by adding arrays and extending their
height should allow for many grams of material to be

enriched per year. More recent work has investigated enrichment and efficiency at higher source temperatures.
Via further analysis we have thus far outlined schemes for applying these principles to over half of the stable isotopes in the periodic table. Notable examples include Mo-100 (a precursor to Tc-99m, a widely used radioisotope used
in medical diagnostics), Hg-196 (which could assist in improving fluorescent lighting efficiency), and Nd-150 (one
of many candidates for observing neutrinoless double beta decay). Requiring low laser powers and using inexpensive
permanent magnets, our approach presents a low energy (and cost) means for enriching stable isotopes.
[1] T.R. Mazur, B. Klappauf, M.G. Raizen. Submitted for publication, 2013.
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Speaker: Jabez McClelland
Session: Controlling Matter with Light
Schedule: Thursday evening invited session

Ultrabright ions from ultracold atoms
Jabez J. McClelland1, B. Knuffman1,2, A. V. Steele1,2, and K. A. Twedt1,3
1

Center for Nanoscale Science and Technology, NIST, Gaithersburg, MD 20899 USA
2
zeroK NanoTech, Montgomery Village, MD 20886 USA
3
Maryland NanoCenter, University of Maryland, College Park, MD 20742 USA

Since the first experiments in the 1980s, laser-cooled
atoms have enabled great progress in many applications,
ranging from atomic timekeeping and trace isotope
detection to quantum information processing. In this talk, I
will discuss a new application that promises to have great
value in the area of nanoscale imaging and fabrication. We
have realized a source of ions that utilizes the ultracold
temperatures achievable with laser cooling to produce an
ion beam that not only has very high brightness, but also
provides a wide choice of ionic species and a narrow energy
spread. These beam characteristics are highly desirable for
producing nanoscale focused ion beams (FIBs), which
represent one of the most important tools in nanotechnology
today.
Conventional FIBs achieve their brightness by
extracting ions from an extremely sharp tip. Our source
obtains its brightness in a very different way: cold atoms are
photoionized in a process that retains their extremely small
thermal transverse velocity spread, resulting in a beam with

Figure 2. Lithium ion microscope secondary electron
image of carbon nanotube bundles embedded in epoxy.
a very high degree of collimation. This collimation results
in a brightness that rivals or even exceeds conventional FIB
sources.
Our first prototype consists of a Li magneto-optical trap
coupled to a conventional FIB column (Fig. 1). This
arrangement has enabled us to produce a focused Li+ beam
with energy between 500 eV and 4 keV, current from 1 pA
to 15 pA, and focal spot size as small as 27 nm.1 This
system has demonstrated high quality imaging using both
secondary electrons and backscattered ions (Fig. 2).
While the MOT-based source has proven useful in
microscopy and implantation applications, its brightness is
fundamentally limited by the rate of diffusion of cold atoms
into the ionization region. To address this we have
developed a new source based on a cold atomic beam that is
produced in a 2D MOT, then compressed and further cooled
before ionization. A prototype of this source using Cs
atoms2 has demonstrated a brightness over ten times higher
than conventional FIB sources, opening the possibility of
greatly improved high-precision ion milling for
nanofabrication, secondary-ion mass spectrometry, and
integrated circuit failure analysis.
1

Figure 1. Lithium ion microscope based on photoionization of laser cooled Li atoms in a magneto-optical
trap (MOT).
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B. Knuffman, A.V. Steele, J. Orloff, and J.J. McClelland,
New J. Phys. 13, (2011).
2
B. Knuffman, A.V. Steele, and J.J. McClelland, J. Appl.
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Speaker: Mike McShane
Session: Spectroscopic Tools for Use in Complex Media
Schedule: Thursday evening invited session
Implantable Luminescent Biosensors – Materials and Instrumentation for Next-Generation Monitoring
Mike McShane
Biomedical Engineering and Materials Science & Engineering, Texas A&M University, College Station, TX, USA

Personal health monitoring is becoming increasingly accessible. The ease of producing low-cost, lowpower embedded systems has fueled a rapid growth in consumer products aimed at “measuring me.”
Common examples include activity trackers, pulse and heart rate monitors, and sleep assessment
tools. Future releases will include concussion alert systems, wearable ECG, EEG, and other
biopotential signal analyzers, gait trackers, and other noninvasive measurement systems. However, a
major technology gap is in the space of continuous chemical sensing.
Commercial devices for continuous glucose monitoring are examples of progress in this area; yet,
they are invasive and lack longevity. Fully implantable integrated systems face significant hurdles to
implementation. Noninvasive optical approaches have failed due to poor sensitivity and nonspecific
interactions. Our proposed solution is to develop miniature, injectable, “passive” implants. To this end,
biosensors with microscale and nanoscale organization are being developed to enable observation of
the extracellular and intracellular environment. These provide specificity through use of specific
receptors and enhance sensitivity through fluorescence or phosphorescence. And they employ
materials that can integrate naturally with tissue, such as porous gels and microparticle suspensions.

While aimed primarily toward the long-term goal of personal health monitoring, these systems may
provide opportunities for advanced basic research as well as potential clinical applications. Towards
this goal, with an emphasis on monitoring of diabetes and other chronic conditions, we have
demonstrated hydrogel-based biochemical sensors that change optical properties as measured by
luminescence intensity and lifetime.
This talk will describe several examples of these materials and the underlying motivation for their
design, particularly highlighting the major challenges to long-term monitoring. To conclude the talk,
recent in vivo observations revealing interesting apparent physiological changes will be presented.
The data illustrate the feasibility of this approach, but also open new questions and new ideas about
the value of collecting chemical information continuously.
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Speaker: Ken Meissner
Session: Spectroscopic Tools for Use in Complex Media
Schedule: Thursday evening invited session

Using Red Blood Cells to Monitor Blood Analytes
Kenith E. Meissner1, Sara C. Ritter1, Nicholas P. Cooley2, Mark A. Milanick2, and
Timothy E. Glass2
Texas A&M University, College Station, TX
University of Missouri Columbia, Columbia, MO
Measurement of blood analytes provides crucial information about the health of a patient.
Many analytes, such as glucose for diabetic patients, require long-term and/or nearcontinuous monitoring for proper disease assessment and management. However,
standard monitoring techniques are inconvenient, do not allow continuous monitoring
and/or only allow periodic sampling. Thus, there is a need for a long-term system
platform for in vivo sensing. Red blood cells (RBCs) functionalized with optical sensors
provide a microscale platform for this type of minimally or noninvasive sensing. With a
120 day lifespan, human RBCs provide a long-term platform that is both biodegradable
and biocompatible, thereby eliminating the immune system response common for many
implanted devices. Recently our group demonstrated the ability of low hemoglobin RBCs
functionalized with FITC to sense extracellular pH.[1] As a step toward in vivo use, we
report on the development of high hemoglobin, functionalized RBCs using a near
infrared dye to sense extracellular pH.
Our initial work with FITC had an issue because hemoglobin absorption extends through
the red and interferes with FITC. Therefore, a pH sensitive fluorophore with response in
the near infrared is used in this work.[2] This dye is cell impermeant and can be excited
in the 700 - 800 nm spectral region.
Functionalization of the RBCs is accomplished by opening lysis pores (~10s of nm) in
the RBC membrane and diffusing sensors into the RBCs. Sensors are loaded using a
preswelling technique that yields RBCs with near-normal hemoglobin levels.[3-4]
Isolated whole bovine RBCs are suspended in Hank’s balanced salt solution (HBSS) and
centrifuged. Following removal of the supernatant, hemolysate solution containing the
NIR sensing dye is added to the RBCs until lysis pores are formed and the dye diffuses
into the RBCs. HBSS is then added to reseal the RBCs.
When diffused into RBCs, the dye is still responsive to pH in the surrounding medium.
The emission is well separated from hemoglobin absorption. In response to changes in
extracellular pH, the fluorescence displays both a spectral shift and change in quantum
yield.
[1] S. Ritter, M. A. Milanick, and K. E. Meissner. (2011). Encapsulation of FITC to
monitor extracellular pH: A step towards the development of red blood cells as
circulating blood analyte biosensors. Biomed. Opt. Exp. 2. pp. 2012-2021.
[2] X. Shao, M. A. Milanick, and T. E. Glass. “Development of a pH sensitive dye in the
near infrared,” unpublished.
[3] H. Tajerzadeh, and H. Hamidi. (2000). Evaluation of hypotonic preswelling method
for encapsulation of enalaprilat in intact human erythrocytes. Drug Dev. Ind. Pharm.
26. pp. 1247-1257.
[4] E. Pitt, C. M. Johnson, D. A. Lewis, D. A. Jenner, and R. E. Offord. (1983).
Encapsulation of drugs in intact erythrocytes: An intravenous delivery system.
Biochem. Pharmacol. 32 (22). pp. 3359-3368
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Speaker: Carmen Menoni
Session: X-ray lasers
Schedule: Wednesday Morning Invited Session 2

Advances in nanoscale chemical imaging and patterning using soft x-ray
light from bright table-top lasers
Carmen S. Menoni1,2*, Ilya Kuznetsov1,2, Wei Li1,2, Lucazk Urbanski1,2, Mark Woolston1,2, David Carlton1,3, Weilun
Chao1,3, Mario C. Marconi1,2, Dean C. Crick2, Elliot R. Bernstein1,2, Jorge J. Rocca1,2
1
NSF Engineering Research Center for Extreme Ultraviolet Science and Technology and
2
Colorado State University, Fort Collins, CO 80525
3
Center for X-Ray Optics, Lawrence Berkeley Lab, Berkeley, CA 94720
*Carmen.Menoni@colostate.edu

Abstract: We demonstrate compact tools nanoscale chemical imaging map molecular
composition in 3D with nanoscale resolution, and defect-tolerant nanopatterning that use bright
beams of soft x-ray laser light to print plasmonic surfaces with a variety of motifs.

Table-top soft x-ray lasers (SXRL) producing pulses with energies of 10-100 µJ at wavelengths
between 13 and 46.9 nm1-3 are enabling new applications in nano-imaging and in defect-tolerant
nano-patterning. In this presentation we will present recent results on two systems: 1) a novel
non-contact lithography method that has been applied to print plasmonic surfaces; and 2) the
application of soft x-ray laser ablation mass spectrometry (X-LAMS) to produce 3D chemical
images with nanoscale spatial resolution. The recent demonstration of table-top SXRLs
producing picosecond pulses at 100 Hz repetition rate4 will enable new advances in these areas.
The nanopatterning method exploits the high spatial and temporal coherence of the compact
SXR laser sources. SXR Talbot lithography is a non-contact lithography method that consists
on illuminating a mask made of the desired periodic pattern that when fully illuminated by a
coherent SXRL beam produces by diffraction a 1:1 replica at set distances from the mask5.
Placing a resist-covered substrate at these locations enables exposure of the resist layer that is
then used as mask to transfer the pattern onto a substrate. One remarkable characteristic of this
method is that it produces defect-free prints. We have applied SXR Talbot lithography to pattern
an array of dense holes 75 nm in diameter over an area of 0.5mm×0.5 mm with exposures of 5070 laser shots. The capability of the method to print arbitrary nano-patterns is well suited for
the fabrication of plasmonic surfaces, arrays of nano-antennas, 2D photonic crystal structures,
etc. Examples of some structures that we fabricated using this approach will be presented.
X-LAMS is an scanning molecular imaging microscope that uses focused SXRL 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 that
have simultaneous nanoscale lateral and depth resolution. The nanoscale spatial resolution and
femto-gram mass sensitivity of the instrument was demonstrated by analyzing single shot mass
spectra from complex organic molecules and fullerenes and in the 3D imaging of hybrid
organic/inorganic samples. The ultimate goal is to map in 3D the chemical composition of cells
with nanometer resolution.
References
1.
2.
3.
4.
5.
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B. Reagan, W. Li, L. Urbanski, K. Wernsing, C. Salsbury, C. Baumgarten, M. C. Marconi, C. S. Menoni and J. J. Rocca, 2013.
L. Urbanski, A. Isoyan, A. Stein, J. J. Rocca, C. S. Menoni and M. C. Marconi, Optics Letters 37 (17), 3633-3635 (2012).
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Complementarity and Induced Coherence in Parametric Down Conversion
Axel Heuer and 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

The particle (path) and wave like (interference) properties of photons are of central interest in quantum
optics. The complementarity principle determines for single photons, that which path information
(knowledge K) and interference contrast (fringe visibility V) can be observed up to the limit
2
2
K +V = 1, only [1]. In our Young’s double-slit experiment we used the idler photon as a reference for
the signal photon path and obtained interference and which slit information above this limit [2, 3]. The
theoretical explanation was based on the properties of the mode function of the photons [3].
To gain more insights into the interplay of the coherence properties of the photon modes we designed
an experiment with three crystals (BBO1,2,3) generating pairs of signal s and idler i photons via
parametric down conversion as shown in the figure. With a very high accuracy this apparatus
delivered just one photon pair during a single measurement interval in total.
phase signal

s1 + s3
signal-photons

BBO 3

pump 3

i3

s1

A

BS 1

B

BS 2

C

pump 1
BBO 1

s2
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pump 2
BBO 2

idler-photons

D

i1 + i2
phase idler

The idler mode i2 of the crystal BBO2 was aligned to be indistinguishable to the idler mode of the
crystal BBO1. The signal modes s3 of the crystals BBO3 and s1 of the crystal BBO1 are aligned in the
same way. Thus coherence is induced [4] and the idler photons i1 and i3 are coherent and
indistinguishable at the beam splitter BS 2 as well as the signal photons s1 and s2 at the beam splitter
BS 1. Single photon interference with high visibility of 0.8 was obtained at these beam splitters and
due to suppressing noise photons via coincidence measurements visibilities well above 0.9 were
measured.
By blocking one of the pump beams and/or blocking one of the idler or signal beams in front of the
beams splitters the coherence relations of the different photons were evaluated in detail. As result a
new insight into the induced coherence properties of photon modes will be presented.
[1]

Englert, B.-G., Phys. Rev. Lett. 77 (1996) 2154-2157

[2]

Menzel, R., Puhlmann, D., Heuer, A., Schleich. W. P., Proc. Natl. Acad. Sci. USA 109 (2012) 9314-9319

[3]

Menzel, R., Heuer, A., Puhlmann, D., Dechoum, K., Hillery, M., Spähne, M.J.A., Schleich. W.P., J. Mod. Optics 60 (2012) 86-94

[4]

Zhou, X.Y., Wang, L.J., Mandel, L., Phys. Rev. Lett. 67 (1991) 318-321
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Multimode aspects of quantum optomechanics
Pierre Meystre
Department of Physics and College of Optical Sciences
The University of Arizona
Tucson, AZ 85721
The talk will discuss selected examples of multimode quantum optomechanical systems
to illustrate how quantum interferences, entanglement, correlations and decoherence
modify their classical nonlinear features such as e.g. phononic phase conjugation,
bistability and bifurcations. We consider both situations where the quantum dynamics can
be linearized about a classical mean field, as is the case e.g. in phononic phase
conjugation [1], and the so-called
#x$
“granularity” regime where the optical and
6
mechanical systems are deep in the quantum
5
regime, with opto- mechanical bistability as
4
a concrete example [2]. As a possible
3
application we also propose to exploit the
2
dispersion management of coherent atomic
matter waves to create an optomechanical
1
Η
system comprising two coupled mechanical
0.15
0.20
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0.30
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Κ
oscillators, one with positive mass and the
other with negative effective mass, thereby
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condensate-based optomechanical sensors
[3].
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On-demand generation of indistinguishable polarization-entangled photon
pairs
M. Müller, S. Bounouar, K. D. Jöns, and P. Michler
Institute for Semiconductor Optics and Functional Interfaces, University of Stuttgart, Allmandring 3, 70569
Stuttgart, Germany

An on‐demand source of indistinguishable and entangled photon pairs is a fundamental
component for different quantum information applications such as optical quantum computing,
quantum repeaters, quantum teleportation and quantum communication. To date, spontaneous
parametric down‐conversion (SPDC) and four wave mixing sources have been mostly used for the
generation of entangled photon pairs to realize quantum communication protocols and to
demonstrate basic quantum logic experiments. However, the photon pair statistic of these sources
is described by a Poissonian distribution which implies also the generation of zero and multiple
pairs. This leads to errors in the quantum algorithm protocols which effectively limit their
usefulness for deterministic quantum technologies. Radiative cascades in single quantum emitters,
such as atoms or quantum dots, can in principle emit on demand single pairs of polarization
entangled photons with high generation efficiencies.
Here we show simultaneously ultra‐high purity (g(2)(0) < 0.004), high entanglement fidelity (0.81 ±
0.02), high two‐photon interference visibility (0.86 ± 0.03 and 0.71 ±0.04) and on‐demand
generation of polarization‐entangled photon pairs from a single semiconductor quantum dot.
Through a two‐photon resonant excitation scheme, the biexciton population is deterministically
prepared by π‐pulses. Applied on a quantum dot showing no exciton fine structure splitting, this
result in the deterministic generation of indistinguishable entangled photon pairs.

Figure 1: a) Two‐photon excitation spectrum of a single quantum dot. b) Rabi oscillation of the biexciton
population with resonant pump power. The line indicates the pump power used for the photon correlation
experiments. c) Polarization dependent cross correlation histograms in the linear and circular basis.
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Molecular Super Rotors:
Controlled spinning of molecules to extreme rotational states
Aleksey Korobenko, Alexander A. Milner, John W. Hepburn and Valery Milner
Department of Physics & Astronomy,
University of British Columbia, 6224 Agricultural Road, Vancouver, BC V6T 1Z1, Canada

It has been speculated that extremely fast rotating molecules, known as “Super Rotors”, may exhibit
a number of unique properties, from rotation-induced nano-scale magnetism to formation of macroscopic
gas vortices. Orchestrating molecular spinning in a broad range of angular frequencies is appealing from
the perspectives of controlling molecular dynamics. Yet in sharp contrast to an optical excitation of
molecular vibration, often performed as a simple two-photon Raman process, laser control of molecular
rotation is rather challenging. An “optical centrifuge” is the instrument capable of extreme rotational
excitation (Figure 1).
Using the centrifuge, we have
succeeded in spinning molecules
up to extremely fast rotation,
orders of magnitude above their
equilibrium rotational velocity.
With rotational frequencies
exceeding 10 THz, an effective
temperature of such “super
rotation” is more than 50,000
Kelvin, well above what most Figure 1. The “centrifuge pulse” passes molecular cloud from left to right,
molecules would withstand in leaving an ensemble of “super rotors” behind.
thermal equilibrium.
In this talk, I will present the successful generation, control and monitoring of molecular “super
rotors” (e.g. Oxygen molecules occupying ultra-high rotational states, J > 120), discuss their unique
properties [1, 2], and demonstrate our ability to control ultra-high rotational wave packets (Figure 2).
Figure 2. Two spectra of coherent Raman
scattering from centrifuged nitrogen
molecules with peaks originating from
rotational levels as high as J=65. Our ability
to control the width of rotational wave
packets is demonstrated with two
examples, from very broad (dashed blue) to
very narrow (solid red). For comparison, the
distribution of rotational population in a
thermal ensemble at room temperature is
indicated with black dots.

[1] A. Korobenko, A. A. Milner, and V. Milner, "Complete control, direct observation and study of molecular
super rotors", submitted arXiv:1304.0438 (2013).
[2] A. Korobenko, A. A. Milner, J. W. Hepburn, and V. Milner, "Rotational spectroscopy with an optical
centrifuge", submitted arXiv:1309.0481 (2013).
PQE-2014

206

Speaker: N. Asger Mortensen
Session: Frontiers in Plasmonics: Quantum Effects
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Nonlocal response in plasmonic nanoparticles and dimers
Prof. N. Asger Mortensen
Department of Photonics Engineering
Technical University of Denmark
www.mortensen-lab.org

Abstract:
Metallic nanostructures exhibit plasmonic response that we commonly address by
classical electrodynamics with the plasma response treated in a Drude local-response
approximation. Often such approaches are surprisingly successful in explaining
experimentally observed phenomena and the formalism has over the years been
instrumental for the prediction of a range of new phenomena.
On the other hand, the emerging field of quantum plasmonics will most likely need
formalism beyond classical electrodynamics. Noble metal systems are being explored at
the sub-nanometer to atomic scale which intuitively calls for quantum mechanical
approaches. The pragmatic question is of course if some aspects can still be addressed
with semiclassical electrodynamics?
My talk introduces a semiclassical nonlocal response theory that unifies nonlocal
mechanisms representing both quantum aspects of the electron gas as well as more
classical dynamics of the electron transport. The theory offers an explanation for
frequency shifts and size-dependent damping observed in various experiments on
metallic nanoparticles. Despite of its semiclassical starting point, the theory gives
interesting predictions also for plasmonic systems which one would anticipate to be deep
into the quantum regime, such as dimer configurations potentially supporting quantum
tunneling currents across sub-nanometer gaps.
Noble-metal plasmonic illustrations are emphasized, but the complex nonlocal dynamics
potentially applies to a wider class of conducting media, including doped semiconductors
and low-dimensional material systems such as graphene.
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Plasmons and hot charge carriers
Martin Moskovits
Department of Chemistry and Biochemistry
University of California, Santa Barbara
Surface plasmons live for a few femtoseconds. On dephasing, surface plasmons produce a
multitude of energetic electrons and holes that equilibrate adiabatically over 10-100 fs to form a
Fermi distribution with electron temperatures of several thousands of Kelvin. The energy of this
hot electron gas is dissipated through electron-phonon interactions over a few ps. If hot carriers
are to be collected and put to useful work, such as photocurrent generation or photosynthesis,
materials and systems with appropriate dielectric properties, structures and architectures need to
be designed and constructed that can sustain plamonic resonances of the desired wavelengths,
and interfaces of the appropriate relative band properties to irreversibly extract hot carriers on the
requisite time scale. A couple of preliminary examples of such structures and their capabilities
will be presented.
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Single attosecond pulses in the soft x-ray region of the
spectrum: a favorable convergence of physics
M.-C. Chen1,2, C. Hernández-García1,3, C. Manusco1, B. Galloway1, P.-C. Huang2, F. Dollar1, D.
Popmintchev1, L. Plaja3, A. Jaron-Becker1, A. Becker1, T. Popmintchev1, M. M. Murnane1, H. C. Kapteyn1
1

JILA and Department of Physics, University of Colorado at Boulder, Boulder, Colorado 80309-0440, USA
2
Institute of Photonics Technologies, National Tsing Hua University, Hsinchu 30013, Taiwan
3
Grupo de Investigación en Óptica Extrema, Universidad de Salamanca, E-37008 Salamanca, Spain

E-mail: Margaret.Murnane@colorado.edu

Time – resolved x-ray spectroscopies have emerged in recent years as a new area of study that
combines element and chemically specific probing with the ability to capture dynamics.
Ultrashort-pulse lasers can be used to generate attosecond-duration bursts of light through the
high-harmonic generation (HHG) process, making it possible to capture the fastest electronic
dynamics. However, attosecond pulse generation has been limited in the past to the EUV region of
the spectrum below hν~100 eV, which seriously limits the breadth of systems that can be
explored. In this talk, I will discuss our experiments and corroborating theory that show that when
HHG is driven by a mid-infrared laser, not-only does the spectrum of emission shift into the soft
x-ray spectral region, but furthermore the conditions for generating isolated attosecond pulses are
significantly relaxed, and are coincident with both optimum conversion efficiency, and with
readily accessible laser parameters. The temporal window over which phase matching allows for
the brightest emission narrows rapidly with increasing driving laser wavelength, making singleattosecond-pulse HHG the norm when using >2 µm driving laser pulses. In our experiments, we
demonstrate the generation of isolated attosecond pulses at hν up to 180 eV, verified using a novel
experimental approach. Calculations show that these pulses emerge with a linear chirp as ~200300 as pulses with a transform limit of ~35 as. Furthermore, physics prescribes the use of a
driving laser pulse duration of ~5-10 optical cycle duration and not shorter, in stark contrast to the
very challenging pulse duration requirements of past attosecond techniques. This work
demonstrates a clear and straightforward approach for robustly generating bright single attosecond
pulses of electromagnetic radiation throughout the soft x-ray region of the spectrum.
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Photonic Hyper-Crystals
Evgenii E. Narimanov
School of Electrical and Computer Engineering, Purdue University, West Lafayette, IN 47907, USA

Abstract: We introduce a new “universality class” of artificial optical media - the photonic
hyper-crystals. These hyperbolic metamaterials with a periodic spatial variation of dielectric
permittivity on a subwavelength scale, combine the features of optical metamaterials and
photonics crystals within the same medium, and allow for an unprecedented degree of control
of light propagation.
Metamaterials [1] and photonic crystals [2] currently represent the primary building blocks for novel nanophotonic
devices. With the goal of ultimate control over the light propagation, an artificial optical material must rely on either the effect of a subwavelength pattern that changes the average electromagnetic response of the medium, or on
Bragg scattering of light due to a periodic variation that is comparable to the wavelength. By virtue of this inherent
scale separation, the corresponding metamaterial- and photonic crystal paradigms, while complementary, are generally
considered mutually exclusive within the same environment.
The situation is however dramatically different in the world of hyperbolic metamaterials [3], where the opposite
signs of the dielectric permittivity components in two orthogonal directions (εn ετ < 0) lead to a hyperbolic dispersion
2
2
k2
of TM-polarized propagating waves ετn + kετn = ωc2 , with the wave numbers unlimited by the frequency. As a result,
a periodic variation in the dielectric permittivity, regardless of how small is its period, will necessarily cause Bragg
scattering of these high-k waves, leading to the formation of photonic bandgaps in both the wavenumber and the
frequency domains. This behavior is illustrated in Fig. 1, where we compare the dispersion diagram for an example
of such photonic hyper-crystal to its effective medium counterpart. Note that the spatial period of the hyper-crystal is
below one tenth of the corresponding free-space wavelength in the entire frequency range shown in Fig. 1.

Fig. 1. The comparison of the effective medium dispersion of a phonic hyper-crystal (a) to the exact
solution (b). The hyper-crystal unit cell is formed by 250 nm of In0.53 Ga0.47 As : Al0.48 In0.52 As semiconductor hyperbolic metamaterial [4] with 5µm plasma wavelength, followed by 250 nm dielectric
layer of Al0.48 In0.52 As.

References
1.
2.
3.
4.
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SPP dispersion in presence of R6G dye: Strong coupling or not?
T. U. Tumkur, J. K. Kitur, M. A. Noginov
Center for Materials Research, Norfolk State University, Norfolk, VA 23504
We analyze dispersion curves of surface plasmon polaritons (SPPs) in the presence of
absorption and gain spectral bands in an adjacent dielectric. The dispersion curves show
characteristic signatures of strong coupling between SPPs and dye molecules embedded
in the dielectric (e.g. avoided crossing). However, the question remains open whether the
avoided crossing may have an alternative explanation. Another intriguing question is how
the SPP dispersion affects the stimulated emission of surface plasmon polaritons.
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Quantum Plasmonics and Applications in Light Harvesting
Peter Nordlander
Laboratory for Nanophotonics
Department of Physics and Astronomy
Rice University, Houston, TX 77251, USA
The “plasmon hybridization”concept,[1] shows that the plasmon resonances in complex
metallic nanostructures interact and hybridize in an analogous manner as atomic
wavefunctions in molecules. The insight gained from this concept provides an
important conceptual foundation for the development of new plasmonic structures that
can serve as substrates for surface enhanced spectroscopies, chemical and biosensing, and
subwavelength plasmonic waveguiding and other applications. In this talk I will focus on
quantum [2] and graphene plasmonics [3] effects and how these can be exploited in light
harvesting applications including photo detectors [4] and plasmonic photocatalysts. [5]
[1] N.J. Halas et al., Adv. Mat. 24(2012)4842
[2] A. Marinaca et al., NL 12(2012)1333; T.V. Teperik et al.; PRL 110(2013)263901;
Opt. Express 21(2013)27306; V. Kulkarni et al., NL 14(2014)10.1021/nl402662e
[3] Z.Y. Fang et al., ACS Nano 7(2013)2388; A. Manjavacas et al., ACS Nano
7(2013)3635; Z.Y. Fang et al., NL 14(2014)10.1021/nl404042h
[4] M. W. Knight et al., Science 332(2011)702; Z.Y. Fang et al., NL 12(2012)3808;
ACS Nano 6(2012)10222; A. Sobhani et al., Nat. Comm. 4(2013)1643
[5] S. Mukherjee et al., NL 13(2013)240
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The Difficulties of Storing Single Photons in an EIT Quantum Memory, When
Four-Wave-Mixing is Present
Christopher O’Brien,1, 2 Nikolai Lauk,2 and Michael Fleischhauer2
1

Department of Physics and Astronomy and Institute for Quantum Studies and Engineering,
Texas A&M University, College Station, TX 77843, USA
2
Physics Department, Technical University Kaiserslautern, D-67663 Kaiserslautern, Germany

A reliable quantum memory (QM) for photons is
one of the essential ingredients for quantum communication and optical quantum computing. One
optical quantum memory implementation, electromagnetically induced transparency (EIT) [1] has
been used to store weak coherent pulses in hot Rubidium gas with storage times of Ts = 1ms and
storage efficiencies of ηm = 45% [2], as well as in
cold Rb magneto-optical traps, with storage times
of Ts = 1ms, and ηm = 78% [3].
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FIG. 1. (a) Level scheme for the four-wave mixing process. (b) Plot of the transmission coefficients for EIT
(dashed) and 4WM (solid). The parameters were chosen to emphasize the spectral behavior.

[1] M. Fleischhauer and M. D. Lukin, PRA 65, 022314
(2002).
[2] I. Novikova, R. Walsworth, and Y. Xiao, Laser &
Photonics Reviews 6, 333 (2012).
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The storage efficiency of EIT QM is limited by
two considerations. First the spatial pulse size Lp
must fit entirely inside of the medium Lp = Tp vg <
L. Secondly, the spectral width of the pulse ∆ωp
must fit √
within the transmission window, ∆ωp 
ωEIT ' Dvg /L. The two requirements compete
with each other and√both can only be satisfied at
large optical depth D  1.
However, with high optical depth, non-linear processes need to be considered. In particular, a four
wave mixing process (4WM) where the control field
also acts as a far-detuned field on the signal transition spontaneously generating a new idler field.
This idler field then moves population into the spin
state, which is pumped by the control field to the
excited state as shown in Fig. 1(a). The medium
is still transparent to the signal pulse due to EIT,
but now there is gain from the extra population in
the excited state, as shown in Fig. 1(b).
EIT with 4WM has the advantage of signal gain
which could be used to compensate losses in the
medium, naturally enhancing the storage of classical signal pulses. But the goal of a quantum memory is single photon storage, where gain is a liability
since it is always accompanied by additional noise.
We therefore address the case of a single photon
propagating in an EIT medium with 4WM, by developing a full quantum model for pulse propagation which we use to calculate the memory fidelity
of EIT with 4WM [4]. We also study the main noise
contributions due to 4WM, signal photons generated directly from the vacuum and noise introduced
from a non-zero excited state population, showing
that 4WM introduces a clear upper limit on the optical depth that can be used for quantum storage.

[3] Y. H. Chen, M. J. Lee, I. C. Wang, S. Du, Y. F.
Chen, Y. C. Chen, and I. A. Yu, PRL 110, 083601
(2013).
[4] N. Lauk, C. O’Brien, and M. Fleischhauer, PRA
88, 013823 (2013).
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Phase Mismatch–Free Nonlinear Propagation in Optical Zero-Index Materials
Kevin O’Brien, Haim Suchowski, Zi-Jing Wong, Alessandro Salendrino, Xiaobo Yin, and Xiang Zhang
University of California at Berkeley
Phase-matching is critical for coherent nonlinear optical processes such as frequency conversion. Phasematching allows microscopic nonlinear sources to combine constructively, resulting in more efficient far
field emission. Zero index materials, a class of metamaterial, have a constant phase throughout the
material, allowing nonlinear sources at all positions within the material to add up constructively. These
materials provide a route to perfectly phase match nonlinear processes resulting in phase mismatch-free
materials.
We experimentally demonstrate phase mismatch-free nonlinear propagation in a bulk fishnet
metamaterial with a zero refractive index1. The fishnet metamaterial exhibits regimes of positive, zero,
and negative refractive indices. The index was characterized with phase measurements using spectrally
and spatially resolved interferometry2. Using intrapulse four-wave mixing (FWM), we show that at the
zero crossing of the refractive index, the forward-backward FWM ratio is nearly unity, indicating perfect
phase matching for both directions. In contrast to existing phase matching techniques, zero index
metamaterials allow perfect phase matching in both the forward and backward directions. This first
observation of phase mismatch-free nonlinear propagation in zero-index materials, which was verified by
numerical simulation of the propagation dynamics, could allow efficient bi-directional nonlinear
generation, a capability which is lacking in conventional nonlinear materials. The removal of the phase
matching requirement may lead to new applications of nonlinear optical metamaterials.
Fig. 1 The role of phase mismatch. Avoiding
phase mismatch is critical for obtaining efficient
nonlinear conversion. The most widely used
methods for phase matching allow compensation
either in the forward or backward directions, but not
both. In contrast, a zero index metamaterial creates
a phase-mismatch free environment for nonlinear
propagation, eliminating the requirement for phase
matching. Each source coherently emits equally in
both directions, acquiring a phase which is
proportional to the refractive index (A,B) as it
propagates. In a zero index medium (B), the
radiation from all nonlinear sources acquires no
phase as they propagate, guaranteeing a
constructive interference and an increase of the
signal in both directions with propagation length
(D). In contrast, in a finite index medium (A), the
emission acquires phase as it propagates, leading to
destructive interference when the process is not phase matched. For example, in a degenerate four wave mixing process in which
𝝎𝒔𝒊𝒈𝒏𝒂𝒍 ≈ 𝝎𝒑𝒖𝒎𝒑 ≈ 𝝎𝒊𝒅𝒍𝒆𝒓 , the sources destructively interfere in the backward direction (C) resulting in weaker backward
emission (Reproduced from Ref [1]).

1. Suchowski, H., O’Brien, K., Wong, Z. J., Salandrino, A., Yin, X. & Zhang, X. Phase Mismatch–Free
Nonlinear Propagation in Optical Zero-Index Materials. Science 342, 1223–1226 (2013).
2. O’Brien, K., Lanzillotti-Kimura, N. D., Suchowski, H., Kante, B., Park, Y., Yin, X. & Zhang, X.
Reflective interferometry for optical metamaterial phase measurements. Opt. Lett. 37, 4089–4091
(2012).
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Full-Colour, Computational Ghost Video
R. Bowman, B. Sun, M. P. Edgar, G. Gibson, S. Welsh and M. J. Padgett
SUPA, School of Physics and Astronomy, University of Glasgow, Glasgow, G12 8QQ.
Cavendish Laboratory University of Cambridge, Cambridge. CB3 OHE.
miles.padgett@glasgow.ac.uk

Abstract: Computational ghost imaging uses projection of random patterns and backscattered
signals recorded by a photodiode to produce an image. Sequentially projecting a pattern and its
inverse at a fixed frequency of 22kHz allows demodulation of the measured signals to reject
ambient light. Modern data projectors and desk-top processing power make video rate imaging a
reality.
Computational ghost imaging (GI) is an alternative technique to conventional imaging
that removes the need for a spatially resolving detector. Instead, ghost imaging infers
the scene by correlating the known spatial information of a changing incident light
field with the reflected intensity. The principles of GI were originally demonstrated
using spatially entangled photon pairs produced by spontaneous parametric downconversion, known as quantum GI. The two photons propagate along different paths:
in the first path, the photon interacts with the object and if not absorbed is detected by
a detector with no spatial resolution, in the second path the photon never interacts
with the object, but its transverse position is measured by a scanning imaging system.
It is by correlating the coincidence measurements over many photon pairs that enables
an image of the object to be deduced.
It was subsequently demonstrated that GI could also be performed with thermal light,
a technique commonly termed classical GI. In classical GI a copy of the light field is
usually made with a beam splitter, one copy of the light field interacts with the object
and a single-pixel detector and the other copy is recorded with a camera. Correlations
between the two detectors again yield an image, albeit one with a higher background
than in the quantum case. Classical GI systems can be simplified by introducing a
device capable of generating computer programmable light fields, which negates the
requirement for the beam splitter and the camera – since knowledge of the light field
is already held in the computer memory. This type of system, termed computational
GI, has previously been performed using a programmable spatial light modulator
(SLM) and a laser, but if the imaging is restricted to a re-imaged plane of the
modulator computational GI can also be achieved using a presentation-type
programmable light projector and a thermal source. We note that in this form, ghost
imaging is related to the field of single-pixel cameras, the difference being an
interchange in position of the light source and the detector.
We generate a series of random checkerboard patterns, which are projected using a
digital micro mirror device at 22kHz. The scene is approximately 1m from the
projector, which uses a 50mm focal length lens for projection. The light
backscattered from the object is detected on three photomultipliers (RGB) each
mounted with a 25mm condenser lens to increase light collection. The computergenerated patterns have a black to white ratio of unity and we rapidly project one
pattern and its inverse in subsequent frames. The measured signals are demodulated at
the refresh rate to discriminate the signal associated with the pattern projection,
thereby rejecting fluctuations in background light. Applied to video we can reproduce
full colour kilo-pixel images at frame rates of a few Hertz.
The broadband nature of light projectors means that this approach may be of
particular relevance for imaging outwith visible spectrum where the availability of
cameras is limited.
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Ultrafast non-equilibrium saturation of resonant emission process
1

Anil. K. Patnaik,1,2,* Sukesh Roy,3 and James R. Gord1
Air Force Research Laboratory, Aerospace Systems Directorate, Wright-Patterson AFB, OH 45433
2
Department of Physics, Wright State University, Dayton, OH 45435
3
Spectral Energies, LLC, 5100 Springfield Street, Ste. 301, Dayton, OH 45431
E-mail: anil.patnaik@wright.edu

Saturation of a transition is typically
understood to be an equilibrium process that is
achieved via competition between the resonantoptical-pumping and the dephasing processes of
the transition [1]. However, this is the case only
for CW pumps or pulse durations that are longer
than the dephasing time scales. On the other
hand, if the pulse duration is shorter than the
Rabi period associated with the threshold peak
intensity, the saturation dynamics become more
complex. For ultrashort-pulse driving, even
though the system may be in the under-damped
regime, steady-state saturation cannot be
achieved until the intensity of the driving laser is
increased to the extent that the Rabi period
becomes shorter than the pulse duration [2]. In
such highly under-damped systems where the
decay timescales are much longer than both the
Rabi period and the pulse duration, only nonequilibrium saturation of the transition can be
achieved.
From the pulse-area calculation, we obtain the
	
  
threshold of saturation for a two-level system. It Fig. 1: (a) Pump pulse and probe pulses under
is found that the saturation criteria for absorption consideration, (b) peak of instantaneous CARS
and emission differ by a factor of two. This can polarization, and (c) pulse areas associated with
be explained by the fact that the ultrafast probe intensities plotted on x-axis.
absorption saturation (emission) occurs when the
phase difference between the ground and excited states is π / 2 (π ) . Also, we extend the
calculation to the four-wave-mixing scheme, in particular, to a coherent anti-Stokes Raman
scattering (CARS) scheme. We show that a similar pulse-area calculation allows establishment of
a criterion for the threshold of the intensity of the probe that will saturate the generation of the
CARS signal. We numerically study the saturation behaviors for different probe-pulse durations
and plot them in Fig. 1. Clearly, for a short probe pulse, the emission of the signal saturates once
the pulse area becomes π .
These criteria for the saturation threshold can be useful in obtaining the design parameters for
ultrafast spectroscopy experiments such as in electronic-resonance-enhanced (ERE)-CARS or
saturation-spectroscopy experiments and also useful for ultrafast-switching applications.
References:
[1] A. K. Patnaik, S. Roy, J. R. Gord, R. P. Lucht, and T. B. Settersten, J. Chem. Phys. 130, 214304 (2009);
S. Roy, J. R. Gord, and A. K. Patnaik, Prog. Energy Combust. Sci. 36, 280 (2010).
[2] A. K. Patnaik, S. Roy, and J. R. Gord, Phys. Rev. A 87, 043801 (2013).
[3] A. K. Patnaik, J. R. Gord, and S. Roy, 2013 (in preparation).
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Gap plasmon-based metasurfaces for control of light
Anders Pors and Sergey I. Bozhevolnyi
Department of Technology and Innovation, University of Southern Denmark, Denmark

Plasmonic metasurfaces, i.e., nanometer-thin surface metal nanostructures with subwavelength-sized
lattice units, have recently attracted considerable attention due to their abilities to efficiently control both
phase and amplitude of transmitted and reflected radiation. In this work, we show how metal-insulatormetal configurations in which the upper metal layer is periodically structured, thus supporting gap
surface plasmon (GSP) resonances, allow for efficient control of the phase of the reflected light [1]. This
fact is illustrated by the 1D-periodic GSP-based metasurface in Fig. 1(a) and the associated reflection
coefficient [Fig. 1(b)], demonstrating a strong variation in the reflection phase (~275°) as a function of
strip width w with only a modest dip in reflection at the GSP resonance (𝑤 = 115nm).
The understanding of light reflection by arrays of GSP resonators has led us to further develop the
concept of GSP-based metasurfaces, including the design of efficient, compact (i.e., subwavelength
thick) and background-free (i.e., no diffraction and no scattering into other polarizations) wave plates in
reflection and flat focusing mirrors - the latter functionality is obtained by gradient (i.e., inhomogeneous)
metasurfaces. Moreover, we have demonstrated how 2D-periodic gradient metasurfaces, in which the top
metal layer comprises a periodic arrangement of metal nanobricks, facilitate the independent control of
reflection phases of orthogonal light polarizations [2]. As an example, Fig. 1(c) shows a top-view image
of a unit cell functioning as a polarization beam splitter by employing opposite phase gradients for
orthogonal polarizations. Finally, one should note that gradient birefringent metasurfaces enable the
design of efficient unidirectional polarization-controlled surface plasmon polariton couplers.
We believe that the presented work establishes a new class of compact optical components, viz.,
plasmonic GSP-based metasurfaces with controlled gradient birefringence, which may find applications
in nanophotonic systems and plasmonic circuitry.

Figure 1. (a) Sketch of 1D-periodic GSP-based metasurface. The incident field is TM-polarized and propagates normal
to the surface. (b) Amplitude and phase of reflected light from metasurface in a) as a function of strip width w when
𝜆 = 800nm, Λ = 260nm, 𝑑 = 50nm, and 𝑡 = 30nm. (c) Representative SEM image of fabricated unit cell functioning
as a polarization beam splitter at 𝜆 = 800nm. Here, Λ = 240nm.

[1] A. Pors and S. I. Bozhevolnyi, Opt. Express, Accepted.
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Femtosecond Microscopy in the Single Molecule Limit
Eric O.Potma
University of California, Irvine, CA 92697
Tel: 949-824-9942, Fax: 949-824-8571, E-mail: epotma@uci.edu
Abstract: A perspective is provided on the latest developments in pushing femtosecond molecular spectroscopy measurements to the limit of individual molecules.
Ultrafast nonlinear optical experiments have provided a wealth of information on the time evolution
of prepared wave packets in molecules, allowing a closeup view of the molecule’s internal dynamics
and the coupling to its surroundings, on a timescale where the corresponding molecular motions
are manifest. Due to technical constraints, nonlinear optical measurements have traditionally been
performed on large ensembles of molecules, where the detected signal is the average of the contributions of many. Although many relevant parameters can be extracted from ensemble measurements,
essential information remains hidden. A prime example is the phase evolution of optically prepared molecular coherences, which may unfold differently on each molecule, and therefore become
invisible after ensemble averaging. Inspection of a molecule’s actual coherence dynamics requires
interrogation at the level of the individual.
Recent experimental efforts have shown that time-resolved femtosecond experiments can be carried
out with sensitivities sufficient for single molecule measurements. While the time resolution stems
from the preparation and manipulation of the molecule by short optical pulses, a variety of advanced
technologies are currently examined for efficiently reading out the molecular response. Examples include fluorescence readout of coherent excited state dynamics in single molecules[1], probing ground
state vibrational motions through surface-enhanced nonlinear Raman scattering[2], detecting the
molecular response through single electron currents[3], or sampling time-dependent changes in optically induced forces.[4] The quest for femtosecond single molecule experiments brings together
the fields of nonlinear optics, advanced plasmonics, electron tunneling microscopy and scan probe
microscopy, heralding the development of exciting hybrid approaches for tackling an outstanding
scientific challenge.
In this contribution, we review some of the latest developments in the area of femtosecond microscopy in the single molecule limit. Technological advances are pointed out and the scientific
implications of opening the window to ultrafast single molecule dynamics are underscored.

References
[1] van Hulst, L. N. N. Nat. Photon. 5, 83-90 (2011).
[2] Frontiera, R. R. et al., J. Phys. Chem. Lett. 2, 1199-1203 (2011).
[3] C. Chen, et al., Physical Review Letters 105, 217402 (2010)
[4] I. Rajapaksa and H. K. Wickramasinghe, Appl. Phys. Lett. 99(16) 161103 (2011).
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Controlled	
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  single	
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  centers	
  with	
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The	
   efficient	
   interaction	
   of	
   photons	
   with	
   single	
   quantum	
   emitters	
   like	
   NV	
   centers	
   is	
   essential	
   for	
   the	
  
elaboration	
   of	
   future	
   integrated	
   quantum	
   optical	
   devices.	
   A	
   promising	
   strategy	
   towards	
   this	
   goal	
   capitalizes	
   on	
   the	
  
latest	
  advances	
  of	
  nano-‐optics	
  to	
  boost	
  the	
  interaction	
  with	
  single	
  emitters	
  as	
  well	
  as	
  strengthen	
  coupling	
  between	
  
several	
   of	
   them.	
   However,	
   fully	
   exploiting	
   the	
   capabilities	
   of	
   this	
   marriage	
   between	
   NV	
   centers	
   and	
   optical	
  
nanostructures	
  requires	
  suitable	
  tools	
  to	
  accurately	
  control	
  their	
  interaction.	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Figure	
   1:	
   Fast	
   modulation	
   of	
   the	
   fluorescence	
   from	
   a	
   single	
   NV	
   center	
   coupled	
   to	
   a	
   gold	
   gap	
   antenna:	
   The	
   NV	
   is	
  
continuously	
   pumped	
  with	
  a	
   green	
   laser	
   and	
   modulation	
   is	
   produced	
   by	
   NIR	
  gating	
  laser	
  that	
  is	
  resonant	
  with	
   the	
   gap	
  
antenna.	
  
	
  
We	
   first	
   demonstrate	
   the	
   use	
   of	
   optical	
   tweezers	
   as	
   a	
   tool	
   to	
   achieve	
   deterministic	
   trapping	
   and	
   three-‐
dimensional	
  spatial	
  manipulation	
  of	
  individual	
  nanodiamonds	
  hosting	
  a	
  single	
  NV	
  spin.	
  Remarkably,	
  we	
  find	
  that	
  the	
  
NV	
  axis	
  is	
  nearly	
  fixed	
  inside	
  the	
  trap	
  and	
  can	
  be	
  controlled	
  in	
  situ	
  by	
  adjusting	
  the	
  polarization	
  of	
  the	
  trapping	
  light.	
  
By	
   combining	
   this	
   unique	
   spatial	
   and	
   angular	
   control	
   with	
   coherent	
   manipulation	
   of	
   the	
   NV	
   spin	
   and	
   fluorescence	
  
lifetime	
  measurements	
  near	
  an	
  integrated	
  photonic	
  system,	
  we	
  demonstrate	
  individual	
  optically	
  trapped	
  NV	
  centers	
  
as	
  a	
  novel	
  route	
  for	
  both	
  three-‐dimensional	
  vectorial	
  magnetometry	
  and	
  sensing	
  of	
  the	
  local	
  density	
  of	
  optical	
  states	
  
[1].	
  	
  
In	
  a	
  second	
  step,	
  our	
  manipulation	
  technique	
  is	
  applied	
  to	
  deterministically	
  locate	
  single	
  nano-‐diamonds	
  in	
  
the	
  hot	
  spot	
  of	
   plasmonic	
  antennas	
  [2].	
  The	
  interaction	
  of	
  the	
  immobilized	
  NV	
  with	
  the	
  nano-‐antenna	
  is	
  quantified	
  by	
  
analyzing	
  the	
  change	
  in	
  its	
  fluorescence	
  lifetime.	
  	
  
Last	
   but	
   not	
   least	
   we	
   demonstrate	
   that	
   the	
   hybrid	
   system	
   formed	
   by	
   a	
   single	
   NV	
   coupled	
   to	
   a	
   gold	
   gap	
  
antenna	
   can	
   operate	
   as	
   an	
   efficient	
   and	
   fast	
   optical	
   switch	
   upon	
   non-‐resonant	
   CW	
   illumination.	
   We	
   show	
   a	
  
modulation	
  of	
  the	
  NV	
  fluorescence	
  by	
  more	
  than	
  80%	
  with	
  time	
  response	
  faster	
  than	
  100ns	
  that	
  we	
  control	
  through	
  
an	
  independent	
  NIR	
  gating	
  laser	
  of	
  a	
  few	
  mW	
  [3].	
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Novelties in multiplasmon electron emission from gold
P. Racz1and N. Kroo1
1

Wigner Research Centre for Physics, Konkoly-Thege M. út 29-33, 1121 Budapest, Hungary

A Ti:Sa laser based chirped pulse amplifier-laser system has been used (40fs pulses at
800nm wavelength with 1kHz repetition frequency) to study the surface plasmon (SPO)
mediated electron emission from a gold film. The SPO-s were excited by this laser system in
the Kretschmann geometry. The emitted electrons were measured by a time-of-flight
spectrometer and both the total number of emitted electrons and their spectra were analyzed
as the function of the exciting laser intensity.
4
The total electron intensity followed the expected I laser
law in the perturbative intensity
range with the transition into the tunneling regime at higher intensities. The measured electron
3
spectra are double-peaked. The total count in the lower energy one follows the I laser
law
2
while the higher energy one has a maximum around 60 GW/cm laser intensity. Delayed
electron emission has also been found. An attempt to give some qualitative explanation of
these findings is also presented.
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Magneto-Optical Control of Atomic Motion
Mark G. Raizen
Center for Nonlinear Dynamics and Dept. of Physics,
The Univ. of Texas at Austin, Austin, TX 78712

ABSTRACT
We are developing new approaches to the control of atomic motion. These methods provide
an attractive alternative to Laser Cooling, and have important applications in nanoscale
lithography, and isotope separation. The starting point is the supersonic molecular beam, an
ultra-bright source of atoms. We use pulsed magnetic fields to stop the beam, and this
approach is now proven to be optimum using an adiabatic slower. However, magnetic
control alone is conservative, and a new and general cooling method is needed to bridge the
gap from cold to ultra-cold. In response to this challenge, we developed a new method,
single photon cooling. This approach is based on a one-way wall for atoms, and is a direct
realization of the historic thought experiment of Maxwell's Demon, proposed by James Clerk
Maxwell in 1871. I describe how this toolbox of new methods can be used as an alternative
to Laser Cooling, with much better predicted performance. In parallel, we have developed a
pulsed magnetic lens in order to image atoms to the few-nm level. This lens is characterized
by a short focal length, and is aberration-corrected to produce diffraction-limited spots. We
predict that by combining the ultra-bright atomic source with the pulsed magnetic lens, Abeam lithography has the potential to far exceed E-beam lithography in terms of resolution
and throughput. This work will bridge between Atomic Physics and Condensed
Matter/Material Science. In another application of these general methods, we have
developed and demonstrated in the laboratory an efficient method for isotope separation.
This will replace the Calutron, a machine developed over eighty years ago, and now on the
verge of becoming obsolete. The production of mole-scale quantities of stable isotopes is
urgently needed in nuclear medicine, for cancer therapy and medical imaging. It will also
have an impact on basic research, national security, and energy efficiency.
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Session: Femtosecond microscopy in the single molecule limit
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Impedance matching to quantum systems
with optical antennas and femtosecond control
Joanna Atkin, Sam Berweger, Vasily Kravtsov and Markus B. Raschke
Department of Physics, Department of Chemistry, and JILA,
University of Colorado, Boulder, USA
Combining plasmonic and optical antenna concepts with ultrafast and shaped laser pulses allows
for the precise control of an optical excitation on femtosecond time and nanometer length scales.
I will discuss concepts describing the induced near-field light-matter interaction in terms of
impedance matching to a quantum system [1]. I will extend into questions concerning the

Fig. 1 Far- to near-field transformation and interaction dynamics in ultrafast scattering-scanning near-field optical microscopy (s-SNOM).
The light-matter interaction rate ΓNF(k,z) between antenna tip and the quantum emitter is enhanced via the large near-field k-vector
distribution k(r,ω). The tip as optical antenna mediates the impedance matching between local and far-field electromagnetic density of states
(LDOS) and gives rise to enhanced net excitation and emission rates.

competition of radiative and nonradiative decay of the metallic nanostructure against preserving
and manipulating the quantum coherence of the coherent excitation. Specific examples from our
lab include adiabatic nano-focusing on a tip for nano-spectroscopy, spatio-temporal
superfocusing, and optical control at the 10 nm-10 fs level [2,3]. I will furthermore demonstrate
the optical antenna coupled ultrafast free-induction decay in near-field infrared nanospectroscopy of vibrational resonances and their
tip-enhanced decoherence [4]. I will conclude
with an outlook for quantum coherent control in
the near-field, strong light-matter interaction,
and radiative decay engineering.
References
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Fig. 2. Example for eperimental implementation of nanofocused
few-fs dynamics experiments. Pulse pairs are generated by a
pulse shaper, with controllable delay and waveform, enabling
coherent control through the phase relationship between
excitation pathways (see band structure diagram, inset).
Feedback for optimization is based on the luminescent or
nonlinear response of the coupled tip-sample system.
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Atom-chip based interferometers
Rasel E.M., for the QUANTUS cooperation
QUEST, Institut für Quantenoptik-Leibniz Universität, Hannover, Germany
Email: rasel@iqo.uni-hannover.de
Atom chips have been facilitating enormously the generation of Bose-Einstein condensates.
We recently demonstrated that all manipulations for performing atom interferometry can be
done on the atom chip in a coherence preserving way and without heating. These devices
allow to achieve a high flux of ultra-cold atoms, extremely low expansion rates of these wave
packets and make it possible to realise new interferometers. We have also shown that these
devices allow to realise compact quantum gravimeters for ground based measurements. Last
but not least, in 2014, we plan to test these devices in the catapult and on a sounding rocket
mission to extend atom interferometry to unprecedented time scales.
The QUANTUS cooperation comprises the group of K. Bongs (Univ. of Birmingham), C.
Lämmerzahl (Univ. Bremen), A. Peters (Humboldt Univ. Berlin/Ferdinand Braun Institut),
T. Hänsch/J.Reichel (MPQ/ENS), K. Sengstock/P. Windpassinger (Univ. Hamburg), R.
Walser (TU Darmstadt), and W.P. Schleich (Univ. Ulm).
This project is supported by the German Space Agency Deutsches Zentrum für Luft- und
Raumfahrt (DLR) with funds provided by the Federal Ministry of Economics and
Technology (BMWI) under grant number DLR 50 WM 0346. We thank the German
Research Foundation for funding the Cluster of Excellence QUEST Centre for Quantum
Engineering and Space-Time Research
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Collective Plasmon Resonance Engineering in Discrete Metallo-Dielectric Molecules and
Optoplasmonic Multiscale Arrays
Björn M. Reinhard
Department of Chemistry and The Photonics Center, Boston University
Optoplasmonic hybrid materials that combine
plasmonic and dielectric building blocks in discrete
clusters and extended arrays of defined geometry
are enabling materials for the new area of
“metatronics” [1] and other application fields that
seek to control the distribution of light in both
spatial and frequency domain with sub-diffraction
limit resolution. Optoplasmonic materials that
encompass building blocks of different chemical
composition also provide opportunities for
engineering an intricate phase landscape.[2] With
the development of template-guided self-assembly
strategies that facilitate the integration of
plasmonic and dielectric nanoparticles into
optoplasmonic hybrid structures at pre-defined
locations,[3,4] the experimental realization of
intricate optoplasmonic structures is now possible.
In this presentation the fundamental design criteria
!
underlying discrete and extended optoplasmonic
structures will be discussed before two Figure 1: Scanning electron microscope images of 2D
implementations are analyzed. In the first arrays generated by template guided self-assembly of
structure [3] a 250 nm diameter TiO2 NP is d1=250nm TiO2 nanoparticles and d2=60nm Au
selectively deposited on top of a pre-assembled nanoparticles. Size bars are 500 nm in a), c-e) and 2µm in
b). f) Simulated E-field intensity enhancement spectra at
gold NP cluster. The immobilization of the particle the hottest EM spot in TiO2 / Au hetero-nanoparticle array
leads to a further enhancement of the E-field as function of the grating period, Λ. For Λ=800nm (max
within the hot-spots located between the metal intensity) the in-plane diffracted light by the TiO2
NPs and it also increases the E-field in the nanoparticles in the array overlaps with the plasmon
of the Au NP cluster generating a cascaded Eambient medium surrounding the TiO2 NP. FDTD resonance
field enhancement. g) Simulation geometry for spatial Esimulations indicate that optical vortices within the field intensity distribution in hetero-nanoparticle array.
hybrid clusters achieve both an enhancement and Resulting E-field intensity map for h) TiO2 NP only, i) gold
redistribution of the H-field. The second example NP clusters only, j) combined hetero-nanoparticle array.
(Figure 1) [4] describes two-dimensional Adapted with permission from Hong et al.	
   Adv. Funct.
Mater. DOI: 10.1002/adfm.201301837. Copyright 2013
interdigitated arrays of 250 nm diameter TiO2 NPs Wiley-VCH.
and clusters of electromagnetically strongly
coupled 60 nm Au NPs. It is demonstrated that delocalized photonic–plasmonic modes in arrays
achieve a cascaded E-field enhancement in the gap junctions of the Au NP clusters and that this
increase is accompanied by an increase of the E-field intensity throughout the entire array.
Acknowledgement
This research is supported by the US Department of Energy, Office of Basic Energy Sciences through
grant DE-SC0010679.
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On-Chip Quantum Optics using Electrically Driven
Quantum Dot - Micropillar Cavities
C. Hopfmann1, F. Albert2, E. Stock1, M. Lermer2, C. Schneider2, S. Höfling2, A. Forchel2, M. Kamp2,
S. Reitzenstein1
1

Institut für Festkörperphysik, Technische Universität Berlin, Hardenbergstrasse 36, D-10623 Berlin, Germany
2
Technische Physik, Universität Würzburg, Am Hubland, D-97074 Würzburg, Germany

The prospect of studying quantum optics in the solid state and the quest for quantum light sources in the field of
quantum communication has triggered enormous efforts in the development of micro- and nanocavity systems with
embedded quantum dots (QDs) [1]. These structures exploit cavity quantum electrodynamics (cQED) effects and can
act as efficient non-classical light sources [2,3] and as high-β microlasers [4]. Initially, QD-microcavities were
exclusively excited optically by external lasers, while significant technological progress has enabled electrical
pumping in advanced structures [5].
Here we report for the first time on an on-chip quantum optics experiment where an integrated microlaser excites
a QD-micropillar cavity operating in the weak coupling regime of cQED. Our approach combines two very active
but so far independent routes of cQED, namely high-β lasing and light-matter interaction at the quantum in a novel,
integrated device concept. This concept is illustrated in Fig. 1(a) and relies on the fact that micropillar cavities allow
for the localization of vertically emitting modes and laterally emitting whispering gallery modes (WGMs). We take
advantage of these unique opportunity provided by the micropillar geometry to utilize an electrically pumped WGM
micropillar as in-plane laser source. The integrated WGM microlaser resonantly excites radially displaced QDmicropillars. This specific configuration allows us to perform for the first time on-chip quantum optics in the cQED
regime using an integrated coherent light source.
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Figure 1. (a) Schematic view of device design for on-chip quantum optics (left panel). (b) Demonstration of Purcell enhancement of a
quantum dot – micropillar under resonant pumping via an electrically driven internal WGM microlaser.

The high quality electrically pumped WGM lasers were studied by means of micro-electroluminescence
spectroscopy and show single mode emission, threshold currents below 10 µA and -factors of about 0.1 at low
temperature. Emission from such a WGM laser was used to resonantly excite a target quantum dot in an adjacent
micropillar with a diameter of 2.5 µm via p-shell excitation. It is interesting to note, that resonant excitation schemes
are crucial for generation of indistinguishable photons and are not feasible in conventional approaches for electrically
driven quantum light sources based on simple pin-diodes.
Resonant p-shell pumping was then applied to excite a QD-micropillar system where a single QD exciton (X) was
shifted through resonance with the fundamental cavity mode (C) by means temperature tuning (cf. Fig. 1 (b)). In this
experiment, weak coupling associated with a Purcell factor of 4.1 was observed for the first time in a quantum device
with an integrated coherent light source [6].
1 S. Reitzenstein, IEEE J. Sel. Top. Quantum Electron. 18, 1733 (2012).
[2] J. P. Reithmaier et al., Nature 432, 197 (2004).
[3] A. J. Shields, Nat. Photon. 1, 215-223 (2007).
[4] S. Strauf et al., Phys. Rev. Lett. 96, 127404 (2006).
[5] C. Böckler et al., Appl. Phys. Lett. 92, 091107 (2008).
[6] E. Stock et al., Adv. Mat. 2012, DOI: 10.1002/adma.201202778.
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Single-Photon Transport and Mechanical NOON State Generation
in Microcavity Optomechanics
Xuexin Ren1, Haokun Li2, Meng-Yuan Yan3, Yong-Chun Liu3, Yun-Feng Xiao3 and Qihuang Gong3
1
Lawrence Berkeley National Laboratory, Berkeley, CA 94720
2
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3
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With the rapid advancement of optical trapping and nanofabrication, optomechanical systems are
approaching the single-photon strong-coupling regime [1,2], where the radiation pressure of a single
photon significantly affects the movement of the mechanical oscillator. The strong light-matter
interaction could open up a new route to the manipulation of single-photon transport.
(a)

(b)

(c)

Figure (a) Schematics of the coupling system for single-photon
transport. (b) Transmitted photon spectrum of the
monochromatic input photon. (c) Setup for mechanical NOON
state generation.

In this poster, we theoretically
investigate the single-photon transport
in a single-mode optical fiber coupled
to a single-photon strong-coupling
optomechanical system (Figure (a)).
When a monochromatic single photon
is input into the fiber, we show that
the transmitted photon spectrum is
featured by multiple phonon sidebands
(Figure (b)).
Based on the theoretical framework,
we further propose a heralded
probabilistic scheme (Figure (c)) to
generate mechanical NOON states
with arbitrary phonon numbers by
measuring the sideband photons. We
show that high mechanical NOON
state can be generated with high
fidelity,
under
experimentally
achievable bath temperature.

	
  	
  	
  Generation of maximally entangled NOON states in macroscopic oscillators is required for the
experimental studies of fundamental physics, such as the effects of decoherence on many-particle
entanglement and the quantum-classical crossover.

[1] P. Rabl, Phys. Rev. Lett. 107, 063601 (2011).
[2] A. Nunnenkamp, K. Børkje, and S. M. Girvin, Phys. Rev. Lett. 107, 063602 (2011).
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Identifying and avoiding instability in ultrashort pulse measurements
Michelle Rhodes, Tsz Chun Wong, Pamela Bowlan, Saidur Rahaman, and Rick Trebino
When considering multi-shot measurements of trains of varying laser pulses, it becomes clear that a technique
that attempts to measure these pulses cannot correctly represent all of them in a single result. Ideally, a
technique would provide a typical pulse, along with clear warning signs that the pulse train is not stable. The
worst case would be to provide the shortest pulse consistent with the spectrum – referred to as a coherent artifact
–with no way of telling if the pulse train is stable or not. The warning signs of instability are unknown for many
ultrafast pulse-measurement techniques currently in use. We therefore study the behavior of pulse measurement
techniques to understand their response to trains of varying pulses. Frequency resolved optical gating (FROG)
is always able to recognize instability due to discrepancies in its measured and retrieved traces. Some varieties
are better than others at giving a representative pulse. The most common interferometric, self-referenced
technique, spectral phase interferometry for direct electric-field reconstruction (SPIDER), measures only the
coherent artifact. Small backgrounds from fringe cancellation may be insufficient to warn of instability.
All of these complications are avoided in single-shot measurements. Clearly, the best method for measuring
pulses that are known to vary is to perform a single-shot measurement on each pulse. An extremely relevant
example of a varying pulse train in ultrafast optics is supercontinuum (SC), which is extremely unstable.
Supercontinuum has many applications, from stimulated-emission-depletion microscopy and optical coherence
tomography to optical frequency metrology and carrier-envelope phase stabilization. SC can give rise to optical
rogue waves, mathematically equivalent to oceanic rogue waves that sink dozens of ships every year. So
improved understanding of SC—especially
through measuring its intensity and phase
on a single-shot—could lead to insight into
oceanic rogue waves.
However, SC is difficult to measure: it is
very weak (a few nJ); has a huge spectral
bandwidth (~100 nm or more); and has a
relatively long duration (a few ps). Using
cross-correlation
frequency-resolved
optical-gating (XFROG) to generate a
spectrogram of a SC pulse would work
well, but getting enough sensitivity,
bandwidth, and temporal resolution on a
single shot is a challenge. We demonstrate a
XFROG using polarization gating as a
nonlinearity, which has sufficient spectral
bandwidth, and which uses a very intense
Figure 1: Single-shot PG XFROG measurement of a supercontinuum pulse. (a) reference pulse in order to improve
Measured FROG trace (2048×2048 array). (b) Retrieved FROG trace. (c) sensitivity. We also use pulse-front tilt
Temporal intensity (red) and phase (blue) of the retrieved supercontinuum. (d) (PFT) in the reference pulse to achieve the
Spectral intensity (green) and phase (violet) of the retrieved supercontinuum with required large delay range. Finally, we have
the independently measured spectrum (black).
discovered that, for a given PFT angle,
there is a beam-crossing angle that gives substantially better temporal resolution. This trick works even for a
thick nonlinear medium, thus further increasing device sensitivity. These innovations, in combination, allow us
to perform a complete and general single-shot measurement of SC.
Nanosecond lasers are also known to have instability problems, and are difficult to measure due to relatively
long pulse duration and small bandwidths. Obtaining a delay range of several ns on a single shot is challenging,
but possible using a high-efficiency etalon to tilt the pulse front by 89.99 degrees. In such an arrangement, one
side of the pulse precedes the other by several meters! Using another high-efficiency etalon in a high-resolution
spectrometer makes a simple, single-shot, ns FROG device possible.
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Heat Transfer at a Solid/Liquid Interface using Optical Excited Gold Nanoheaters
Hugh H. Richardson, Andrew J. Green, Susil Baral, and Arwa A. Alaulamie
Department of Chemistry and Biochemistry, Ohio University
The variation in the thermal conductance from gold nanowires (100 nm wide) of different
lengths (100 nm to 1100 nm) into water through a hydrophobic interface has been measured as
the solute concentration is changed. The thermal conductance and temperature change is are
shown below for an extremely hydrophobic interface (left) and a moderately hydrophobic
interface on the right. A small amount of aqueous solute molecules increases the heat dissipation
into the surrounding liquid. Both glucose and dissolved NaCl solutes show an effect that is
consistent with a thermal conductance that is limited by an interface interaction where minority
aqueous components significantly alter the surface properties and heat transport through the
interface. The increase in heat dissipation can be used to make an extremely sensitive molecular
detector that can be scaled to give single molecule detection without amplification or utilizing
fluorescence labels.

The heat transfer through the interface also affects the phase transformation properties (bubble
formation) of the interfacial fluid. Nanostructures having both cavities and posts (nanowrench)
were characterized by measuring the temperature upon optical excitation and observing bubble
formation optically. The 532 nm continuous wave excitation of a single gold nanowrench results
in superheating of the water to the spinodal decomposition temperature of 580 ± 20 K with
bubble formation below the spinodal decomposition temperature being a rare event. Between
the spinodal decomposition temperature and the boiling point, liquid water is trapped in a
metastable state because a barrier to vapor nucleation exists. The small cavity size of the
nanowrench (~100 nm diameter) is not capable of nucleating the vapor; consistent with the
classical theory of boiling. This is in contrast to a colloidal gold nanoparticles solution where
collective heating effects dominate and lead to the solution boiling at the saturation temperature.
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Waveguide Quantum Frequency Conversion of Heralded Single Photons
emitted by Rubidium Quantum Memories to Telecom Wavelengths
Boris Albrecht, Pau Farrera1 , Xavier Fernandez1 , Matteo Cristiani1 and Hugues de Riedmatten1,2
1

ICFO-Institut de Ciencies Fotoniques, Av. Carl Friedrich Gauss 3, 08860 Castelldefels (Barcelona), Spain
2
ICREA-Institució Catalana de Recerca i Estudis Avançats, 08015 Barcelona, Spain

In the context of long distance quantum communication, quantum repeater architecture [1, 2] have been
proposed to overcome the exponential attenuation in optical ﬁbers. Quantum repeaters rely on heralded
entanglement between remote quantum memories. An important scheme to achieve this goal is based on
the creation, storage and transfer to light of single collective spin excitations in cold atomic ensembles,
following the scheme of Duan, Lukin Cirac and Zoller (DLCZ) [1]. To achieve eﬃcient entanglement,
it is necessary that photonic quantum memories are connected to the optical ﬁber networks. However,
most quantum memories operate in a wavelength range where the loss in optical ﬁbers is signiﬁcant.
Hence a quantum interface allowing us to connect these quantum memories to the optical ﬁber network
by converting the emitted photons to telecom wavelengths is needed for almost all applications in the
context of quantum communication [2]. This frequency conversion must be eﬃcient, noise free and must
maintain the quantum properties of the converted photon [3].

FIG. 1: (a) Experimental setup. (b) Level scheme for DLCZ experiment

Frequency down conversion using diﬀerence frequency generation in non linear crystals (DFG) enables
the conversion of visible or near infrared light to telecommunications wavelengths and is thus ideally
suited for quantum repeater applications. DFG has been demonstrated with non-classical light from
broadband down conversion sources [4] and solid state emitters [5, 6]. However, so far DFG has not been
demonstrated with long-lived quantum memories.
In this work, we present a solid state photonic quantum interface capable of connecting DLCZ quantum
memories based on cold Rb ensembles to the telecommunication network. It is based on DFG in a non
linear PPLN optical waveguide, in order to convert Rb resonant photons from 780 nm to 1550 nm [7].
As proof of principle, we have successfully converted an heralded single photon emitted by the quantum
memory. We showed that a signiﬁcant amount of non classical correlations between the heralding and
converted heralded photons is preserved during the frequency conversion process. These results show that
integrated optical devices can be used as a practical and ﬂexible interface capable of connecting quantum
memories to the optical ﬁber network.

[1]
[2]
[3]
[4]
[5]
[6]
[7]

L.-M. Duan et al., Nature 414, 413 (2001).
N. Sangouard, C. Simon, H. de Riedmatten, and N. Gisin, Rev. Mod. Phys. 83, 33 (2011).
A. G. Radnaev et al., Nature Physics 6, 894 (2010).
R. Ikuta et al., Nat Commun 2, 537– (2011).
S. Zaske et al., Phys. Rev. Lett. 109, 147404– (2012).
K. De Greve, et al., Nature 491, 421 (2012).
X. Fernandez-Gonzalvo, et al., Opt. Express 21, 19473 (2013).
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Kinetic model of optomechanical self-structuring in cold atomic gases

1

E. Tesio1 , G.R.M. Robb1 , G.-L. Oppo1 , W.J. Firth1 ,
G. Labeyrie2 , P.M. Gomes1 , A.S. Arnold1 , R. Kaiser1,2 , T. Ackemann1
SUPA & Department of Physics, University of Strathclyde,Glasgow G4 0NG, Scotland, UK and
2
Institut Non Linéaire de Nice, UMR 7335 CNRS,
1361 route des Lucioles, 06560 Valbonne, France

We present a kinetic model of optomechanical instabilities in a cold, collisionless atomic gas
driven by a single pump laser beam. Using this model we investigate optomechanical instabilities
which result in structuring of the light intensity and the atomic density transverse to the pump
propagation direction.
Optomechanics, where the optical response of a medium relies on the mechanical action of light, is a rapidly developing field. Laser cooled atoms, in particular, are an attractive
medium because they offer a high degree of experimental control and flexibility. In recent years, self-organizing instabilities
due to the opto-mechanical coupling of light and cold or ultracold atoms have attracted remarkable interest. In many of
these schemes a pump beam is scattered by the gas into an
externally imposed mode (often selected by a cavity). The
interference between this mode and the pump then provides
a modulated light pattern, which via dipole forces leads to a
spatial rearrangement of atoms. The emerging density gratings
which result provide positive feedback by scattering photons
FIG. 1. Atomic distribution funcinto the self-sustained mode. In these arrangements, the spation f (x, v) showing optomechantial scale of the emerging structure is predetermined by the
ical instability-induced transverse
light wavelength and the geometrical configuration.
spatial modulation. The modulaWe investigate a different type of instability, where spatial
tion period Λc is much larger than
organization emerges in the plane transverse to the propagathe pump wavelength.
tion of a single beam, with self-selected scales which are typically much larger than the pump wavelength. Self-organization
in a counterpropagating geometry was first analyzed in [1]. In [2] it was shown that optomechanical
forces alone in a ring cavity configuration can lead to a self-structuring instability. In these studies,
strong velocity damping was provided by optical molasses. Recent experiments involving cold Rb
gas in a single feedback mirror configuration have shown self-structuring (and spontaneous symmetry breaking) due to optomechanical coupling, but in the absence of velocity damping [3]. The
need for a satisfactory understanding of these results has been a strong motivation for extending
the theoretical analysis of [1] and [2] to the velocity damping-free (kinetic) regime. We present a
kinetic model which describes the spatio-temporal dynamics of the optical field, the atomic density
and the atomic velocity distribution in the absence of velocity damping. Results from this model
show good agreement with the experimental observations of [3].

[1] M. Muradyan, Y. Wang, W. Williams, and M. Saffman, in Trends in Optics and Photonics (TOPS),
vol. 80, Nonlinear Applications, OSA Technical Digest (OSA, Washington, D.C., 2005), paper ThB29.
[2] E. Tesio, G. R. M. Robb, T. Ackemann, W. J. Firth, and G.-L. Oppo, Phys. Rev. A 86, 031801(R)
(2012).
[3] G. Labeyrie, E. Tesio, P. M. Gomes, G.-L. Oppo, W. J. Firth, G. R. M. Robb, A. Arnold, R. Kaiser,
and T. Ackemann, (2013), to be published.
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Ultra-High Energy Density Relativistic Plasmas and X-Ray Generation by
Ultrafast Laser Irradiation of Nanowire Arrays
1

J.J. Rocca, 1M.A. Purvis, 1V.N. Shlyaptsev, 1R. Hollinger, 1C. Bargsten, 2A. Pukhov, 1D.
Keiss, 1A. Towsend, 1A. Prieto, 1Y. Wang, 1L. Yin, 1S. Wang, 1B. Luther, 1M. Woolston
1
2

Colorado State University, Fort Collins, CO, USA
Institut für Theoretische Physik, Heinrich-Heine-Universität Düsseldorf, Düsseldorf, Germany

The heating of dense matter to extreme temperatures motivates the development of powerful
lasers. However, the barrier the critical electron density imposes to light penetration into ionized
materials results in the deposition of most of the laser energy into a thin surface layer at typically
only 0.1% of solid density. The small plasma volume results in a short hydrodynamic lifetime
that limits the efficiency with which x-rays are emitted. We demonstrate the volumetric heating
of near-solid density plasmas to keV temperatures using ultra-high contrast femtosecond laser
pulses of only 0.5 J energy to irradiate arrays of vertically aligned nanowires [1]. Our x-ray
spectra and particle-in-cell (PIC) simulations show extremely highly ionized plasma volumes
several micrometers in depth are generated by irradiation of Au and Ni nanowire arrays with
femtosecond laser pulses of relativistic intensities. Arrays of vertically aligned Ni nanowires
with an average density of 12% solid were ionized to the He-like stage. It is remarkable that the
He-like line emission from the nanowire target exceeds the intensity of the Ni Kα line at this
irradiation intensity, since in previous work with Cu foils the emission from the Kα lines was
only surpassed at irradiation intensities >2x1020 Wcm-2. Similarly near-solid density Au
nanowire arrays were ionized to the Fe-like (Au53+). This volumetric plasma heating approach
creates a new laboratory plasma regime in which extreme plasma parameters can be accessed
with table-top lasers. The increased hydrodynamic-to-radiative lifetime ratio is responsible for a
dramatic increase in the x-ray emission with respect to polished solid targets.
(A)

(B)

Fig. 1. Particle-in-cell simulation and spectra from plasma
generated by fs pulse irradiation of a vertically aligned array of
55 nm diam. Ni nanowires. (A) PIC simulations of the electron
density (Ne) evolution in an array of 18 µm long Ni wires with an
average atomic density of 12% solid density (inset) irradiated at
5x1018 Wcm-2 by a λ= 400 nm, 60 fs FWHM laser pulse. Ne is in
units of critical density (Nec = 6.8x1021 cm-3). (B) Single-shot X-ray
spectra comparing the emission from an irradiated array of 5 µm
long, 55nm diameter, Ni nanowires to that from a flat polished Ni
target. The nanowire plasma spectra is dominated by He-like Ni
resonance line, and by the intercombination line merged with 1s2p2 1s22p Li-like Ni lines.

Work supported by the Defense Threat Reduction Agency and by the Fusion Energy program of the Office of
Science of the U.S Department of Energy. A.P acknowledges the support of DFG-funded project TR18.
[1] M. Purvis et al., “Relativistic Plasma Nano-Photonics for Ultra-High Energy Density Physics”, Nature
Photonics, vol. 7, 796, (2013).
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The silicon vacancy centre in diamond as a superb
single photon source (and beyond?)
Lachlan Rogers, Kay Jahnke, Fedor Jelezko
Institut für Quantenoptik, Ulm University, Germany
Emitters of indistinguishable single photons are crucial for the growing field of quantum technologies. The goal of scalability requires that even photons from multiple emitters are indistinguishable. Typical solid-state single photon sources require tuning to improve spectral overlap
between distinct emitters, but we have observed silicon vacancy (SiV− ) centres in diamond which
intrinsically show almost identical emission. These uniform emitters have linewidths as narrow as
230 ± 30 MHz, which is close to the expected lifetime-limited value [1].
The centre’s implementation in quantum

this has recently been largely resolved. Our optical polarization measurements of single centres in bulk diamond have established that
the center has a h111i orientated split-vacancy

structure with D3d symmetry. These recent developments in understanding the fundamental
physics of SiV− make it possible to tentatively
explain why this colour centre is such a superb
single photon source.
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Figure 1: Single SiV− centres are a spectrally stable

Enough is now understood about the over long time scales, and b extremely uniform. Five
silicon-vacancy centre for it to be worth consid- randomly selected sites showed an average linewidth
ering its potential for quantum technologies be-

of 280 ± 30 MHz and up to 83% spectral overlap.

yond single-photon generation, and I will briefly
engage in some speculation.
[1] Neu, E. et al. Low-temperature investigations of single silicon vacancy colour centres in diamond .
New J. Phys. 15, 043005 (2013).
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Coherent sources of radiation: from LWI to cooperative emission of radiation
Yuri Rostovtsev
Department of Physics, University of North Texas, Denton, TX 76203
The stimulated emission is a coherent process predicted by Einstein [1] that provides foundation for the
development of lasers, coherent sources of radiation of various spectral ranges. To implement lasing, population
inversion usually is needed to overcome stimulated absorption [2], but not always [3]. The concept of lasing without
population inversion (LWI) appears as a result of coherent effects in atomic or molecular media.
lead to a significant progress in fundamental and
applied physics are discussed and thoroughly
analyzed.

A new concept of generation of coherent radiation,
the so-called the quantum amplification by
superradiant emission of radiation (QASER), was
recently proposed [3]. A dense atomic gas, with the
cooperative frequency has population in the excited
state modulated at the frequency of the drive. This
modulation due to cooperative atomic response gives
rise to lasing.
We have studied and demonstrated several cases
when the resonance with the cooperative frequency
creates possibility to generate coherent radiation. In
particular, we consider a gas of two-level atoms in
the presence of either a CW or pulsed coherent field
that can lead to substantial enhancement of generated
radiation under the condition that uses the
cooperative frequency. A number of important
applications of the generation of coherent radiation
based on cooperative resonance phenomena that may

[1] A. Einstein, Physik. Z. 18, 21 (1917).
[2] M. O. Scully and M. S. Zubairy, Quantum Optics (Cambridge University Press, Cambridge, England, 1997).
[3] A.A. Svizdinsky, L. Luqi, M.O. Scully, Phys. Rev. X (2013).
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Pump-controlled exceptional points and directional random laser emission
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2 Institute

In my talk I will speak about recent work on controlling lasers through the spatial profile of the applied pump. In the
first part, I will focus on how to induce a so-called “exceptional point” in a laser consisting of two coupled cavities. By
varying the pump in each of these two cavities we can steer the laser through a non-hermitian degeneracy of two laser
modes, where we predicted the laser to turn off as a result [1]. We could recently confirm this effect in the experiment
[2] using two coupled quantum cascade lasers in the form of cylindrical micro disks (see Fig. 1a). In the second
part of my talk, I will speak about how to trick a random laser into emitting with a highly directional beam rather
than into many different directions at once (see Fig. 1b). In our numerical simulations this goal is achieved through
actively shaping the applied pump profile through an optimization routine that can shape lasing modes according to
any predetermined emission pattern [3]. In the last part, I will report on a new and efficient numerical method [4]
for solving the non-linear lasing equations of the steady-state ab-initio laser theory (SALT) which our calculations
are based on. In this approach the underlying system of partial differential equations is solved directly, without an
intermediate basis set, which paves the way for efficient and accurate simulations of lasing structures in 3D which were
previously inaccessible.

Fig. 1 (a) Picture of the experiment [2], where we use the electrical pump to induce an “exceptional point” in the laser. (b) Proposed
experimental setup [3], where shaping the pump beam leads to directional emission from a random laser.

References
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Route from spontaneous decay to complex multimode dynamics
in cavity QED
D. O. Krimer, M. Liertzer, and S. Rotter
Institute for Theoretical Physics, Vienna University of Technology, Wiedner Hauptstraße 8-10/136, A–1040 Vienna, Austria, EU
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Department of Electrical Engineering, Princeton University, Princeton, New Jersey 08544, USA

We study the non-Markovian quantum dynamics of a two-level system inside an open multimode cavity (see illustration below), focusing on the case where this emitter is resonant with high-frequency cavity modes [1]. Based on a
Greens function technique suited for open photonic structures, we study the temporal decay of the emitter by solving
a corresponding Volterra equation through a Laplace transform. We observe three distinct regimes as the coupling
strength is gradually increased: (a) overdamped decay with a time scale given by the Purcell modified decay rate,
(b) underdamped oscillations with a time scale given by the effective vacuum Rabi frequency, and (c) pulsed revivals
(see the figure below for the corresponding plots). The final multimode strong coupling regime (c), where the emitter
couples to multiple cavity modes, gives rise to quantum revivals of the atomic inversion on a time scale associated
with the cavity round-trip time. We show that the crucial parameter to capture the crossovers between these regimes is
the nonlinear Lamb shift, accounted for exactly in our formalism. Our predictions can be explicitly verified in circuit
quantum electrodynamics setups.
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Fig. 1 The top panel illustrates the studied two-level system with transition frequency ωa inside an open cavity. The bottom panel
shows the temporal evolution of the excited state probability |c(t)|2 of the two-level system for three characteristic cases (the time t is
measured in units of half the cavity round trip time). (a) Weak coupling regime (coupling strength γ = 4 · 10−6 ) featuring spontaneous
decay (also shown in log-lin scale in the inset). (b) Strong coupling regime (γ = 2.5 · 10−3 ) with damped Rabi oscillations. (c) Multimode strong coupling regime (γ = 1.44) featuring pulsed revivals at multiple integers of half the cavity round trip time.
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Speaker: Ralf Röhlsberger
Session: X-rays in the Quantum World
Schedule: Wednesday evening plenary session

X-ray Cavity Quantum Optics
Ralf Röhlsberger
Deutsches Elektronen Synchrotron DESY,Notkestr. 85, 22607 Hamburg, Germany
Planar waveguides acting as cavities for x-rays recently paved the way to transfer
quantum optical concepts into the regime of hard x-rays [1-4]. The controlled
placement of ensembles of Mössbauer nuclei as emitters in the cavity allowed for a
precise tuning of the collective light-matter interaction. A crucial aspect is that the
cavity geometry allows for the excitation of cooperative radiative eigenstates of the
embedded nuclei. This facilitated the observation of the collective Lamb shift [1],
electromagnetically induced transparency with nuclei [2] (see Fig.1) and
spontaneously generated coherences [3]. Thus, x-ray cavities can now be
considered as new laboratory to explore fundamental aspects of controling the lightmatter interaction at x-ray energies [4].
In this contribution I will review the foundations
of x-ray cavities including preparational
aspects and optical principles that constitute
the basis for optimizing their performance.
After reviewing recent experimental examples I
will give an outlook on future experiments with
x-ray cavities. This includes controling the
lineshape via Fano interference and the
investigation of the collective strong coupling
limit in the formation of nuclear polaritons.
Moreover, x-ray cavities with embedded
Mössbauer nuclei can be employed as
ultranarrow bandpass filters for x-rays. An
interesting application will be the study of
magnetic ordering and quantum phase
transitions at mK temperatures. Due to the
narrow bandwidth, x-ray beam heating of the
sample can be avoided, while keeping a high
signal with almost no background.

Figure 1: The placement of Mössbauer nuclei
in the nodes and antinodes of the wavefield in
an x-ray cavity facilitates the observation of
the collective Lamb shift LN (a) and electromagnetically induced transparency (b)

References
[1] R. Röhlsberger, K. Schlage, B. Sahoo, S. Couet, and R. Rüffer, Science 328, 1248 (2010).
[2] R. Röhlsberger, H.-C. Wille, K. Schlage, and B. Sahoo, Nature 482, 199 (2012)
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Speaker: Stefan Scheel
Session: Casimir friction – On the viscosity of the electromagnetic vacuum
Schedule: Thursday Morning Invited Session 2

Casimir-Polder forces on moving atoms and nonreciprocal media – a
macroscopic view on quantum friction
Stefan Scheel
Institut für Physik, Universität Rostock, Universitätsplatz 3, D-18051 Rostock, Germany

David Butcher, and Stefan Yoshi Buhmann
Quantum Optics and Laser Science, Blackett Laboratory,
Imperial College London, Prince Consort Road, London SW7 2AZ, UK

Quantum friction (or contactless friction) is a zero-point fluctuation phenomenon in which two
objects (microscopic or macroscopic) in relative motion exert a drag force on one another at a
distance (see, e.g. [1]), and whose mere existence is still under hot debate [2]. In my talk I will
describe two complementary approaches to the description of friction forces on atoms based on
macroscopic quantum electrodynamics; (i) by studying the dispersion interaction on a moving
atom with the macroscopic body at rest [3], and (ii) by developing a quantum theory of light in
nonreciprocal media [4]. As moving media are a special class of bianisotropic nonreciprocal media,
this allows for a construction of a quantum theory of light in moving media and the complementary
way of computing friction forces on atoms at rest [5]. Both approaches independently predict
friction forces that are linear in the relative velocity of both objects which has independently been
confirmed via a microscopic approach [6]. The approach via macroscopic QED then allows to
discuss extensions to resonant forces on excited atoms that can lead to both drag and acceleration.

[1] J.B. Pendry, J. Phys.: Condens. Matter 9, 10301 (1997); A.A. Kyasov and G.V. Dedkov, Nucl. Instrum.
Methods B 195, 247 (2002); A.I. Volokitin and B.N.J. Persson, Phys. Rev. B 65, 115419 (2002).
[2] T.G. Philbin and U. Leonhardt, New J. Phys. 11, 033035 (2009); J.B. Pendry, New J. Phys. 12, 033028
(2010).
[3] S. Scheel and S.Y. Buhmann, Phys. Rev. A 80, 042902 (2009).
[4] S.Y. Buhmann, D.T. Butcher, and S. Scheel, New J. Phys. 14, 083034 (2012).
[5] D.T. Butcher, S.Y. Buhmann, and S. Scheel, in preparation.
[6] G. Barton, New J. Phys. 12, 113045 (2010).

PQE-2014

237

Speaker: Wolfgang Schleich
Session: Fundamentals of Quantum Mechanics
Schedule: Monday Morning Plenary Session 1

Schrödinger equation revisited
Wolfgang P. Schleich
Institut für Quantenphysik and Center for Integrated Quantum Science and Technology
(IQST), Universität Ulm, D-89069 Ulm, Germany;
Department of Physics, University of North Texas, Denton, TX 76203-1427;
Texas A&M University, College Station, TX 77843
The time-dependent Schrödinger equation is a cornerstone of quantum physics and
governs all phenomena of the microscopic world. However, despite its importance, its
origin is still not widely appreciated and properly understood. We obtain [1] the
Schrödinger equation from a mathematical identity by a slight generalization of the
formulation of classical statistical mechanics based on the Hamilton–Jacobi equation.
This approach brings out most clearly the fact that the linearity of quantum mechanics
is intimately connected to the strong coupling between the amplitude and phase of a
quantum wave.

References
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Speaker: Jörg Schmiedmayer
Session: Quantum Thermodynamics
Schedule: Tuesday Morning Invited Session 1

Does an isolated quantum system relax?
Jörg Schmiedmayer
Vienna Center for Quantum Science and Technology (VCQ), Atominstitut, TU-Wien
Understanding non-equilibrium dynamics of many-body quantum systems is crucial for many
fundamental and applied physics problems ranging from de-coherence and equilibration to the
development of future quantum technologies such as quantum computers which are inherently nonequilibrium quantum systems.
One of the biggest challenges in probing non-equilibrium dynamics of many-body quantum systems is
that there is no general approach to characterize the resulting quantum states. Using the full distribution
functions of a quantum observable [1,2], and the full phase correlation functions allows us to study the
relaxation dynamics in one-dimensional quantum systems and to characterize the underlying many body
states.
Interfering two isolated one-dimensional quantum gases we study how the coherence created between the
two many body systems by the splitting process slowly dies by coupling to the many internal degrees of
freedom available. Two distinct regimes are clearly visible: for short length scales the system is
characterized by spin diffusion, for long length scales by spin decay [3]. The system approaches a prethermalized state [4], which is characterized by thermal like distribution functions but exhibits an
effective temperature over five times lower than the kinetic temperature of the initial system. A detailed
study of the correlation functions reveals that these thermal-like properties emerge locally in their final
form and propagate through the system in a light-cone-like evolution [5]. Furthermore we demonstrate
that the pre-thermalized state is connected to a Generalized Gibbs Ensemble, that its higher order
correlation functions factorize and show the pathways for further relaxation towards thermal equilibrium.
Supported by the Wittgenstein Prize, the Austrian Science Foundation (FWF) SFB FoQuS: F40-P10 and the EU through the
ERC-AdG QuantumRelax

	
  
Light-cone-like emergence of thermal correlations. Experimental phase correlation
functions C(z,t) (filled circles) compared to
theoretical calculations (solid lines). From top to
bottom, the evolution time t in- creases from 1
ms to 9 ms in steps of 1 ms. The bottom (green)
dashed line is the theoretical correlation
function of the pre-thermalized state. For each t,
the constant values of C(z,t) at large z can be
used to determine the crossover distance zc(t)
up to which the system forgets the initial longrange phase coherence. Figure adapted from [5]
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Speaker: Jim Schuck
Session: Frontiers in Plasmonics: Light Harvesting
Schedule: Monday Morning Invited Session 1

Plasmonically-Enhanced Solar-Matched Photocatalytic Water-Splitting using
GaN Surface States
P. James Schuck3, Yuchen Yang1, Nicholas J.Borys1, Anil Ghimire1, Mary Harges1, Shaul Aloni3,
Michael Bartl2, Jordan M. Gerton *1
1
2

Department of Physics & Astronomy, University of Utah, 115S 1400E, Salt Lake City, UT, 84112, USA
Department of Chemistry, University of Utah, 315S 1400E, Salt Lake City, UT, 84112, USA
3
Molecular Foundry, Lawrence Berkeley National Laboratory, Berkeley, CA, 94720, USA

For solar energy to play a central role in our future energy policy as a source of electricity and
chemical fuels, efficient yet inexpensive and environmentally benign conversion systems are
needed. Our goal is to develop a robust platform for efficient solar-driven generation of
hydrogen fuel using abundant materials and scalable fabrication processes. The key to our
approach is to generate charge carriers from exposed surface states on GaN nanowires. While
surface states almost always adversely affect device performance in optoelectronic applications,
in photoelectrochemical water splitting they are essential. To achieve this goal, we utilize novel
nanowire geometries, which act as optical cavities to increase solar absorption and possess large
exposed surface areas to increase photocatalytic activity. Surface-state photo-absorption and
water-splitting activity will be further enhanced by increasing the local optical intensity at the
nanowire surface using plasmonic nanoparticles and photonic crystals.

Figure 1. A) PL spectrum of GaN nanowire cavity showing optical resonance modes as etalon fringes. Inset
diagram shows reflection off end-facets. B) GaN energy band potentials referenced to normal hydrogen electrode
(NHE). Sub-bandgap surface states positioned above/below hydrogen/oxygen redox potentials may be utilized for
water splitting. C) Diagram of GaN nanowire surface with metal nanoparticles showing proposed mechanism of
plasmon-enhanced photo-electrochemistry with TEM image below showing metal nanoparticle covered nanowire.
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Speaker: Marlan O. Scully
Session: New coherent sources of radiation: from LWI to parametric collective oscillators (QASER)
Schedule: Tuesday evening invited session

“From Masers and Lasers to Phasers and Qasers”
Marlan O. Scully
TAMU, Princeton, and Baylor
Abstract
Lasers and masers typically require population inversion. But with phase coherent atoms
(phasers), we get lasing without inversion (e.g., 10% of the atoms excited). Now we find that it is
possible to get coherent light emitted with no atoms excited, via Quantum Amplification of
Superradiant Emission of Radiation (QASER) [1].
The motivation for the QASER as presented in [1] is: “The stimulated emission implied
by the RHS of the enclosed figure is the basis for the laser. Does the superradiant oscillator
depicted on the LHS suggest a corresponding new but different (since collective spontaneous
emission is different from stimulated emission) source of coherent radiation? As we shall see, the
answer is yes, modulo certain somewhat subtle considerations. In particular, utilizing collective
superradiant emission,we can generate coherent light at high frequency in the UV or x-ray bands
by driving the atomic system with a low-frequency (e.g., infrared) source. Various physical
arguments in support of this idea will be presented.

Figure: For a very large cloud prepared in a timed Dicke state, the photon is reabsorbed and reemitted
many times, and the atomic state oscillates with a frequency that goes as √ where N is the number of
atoms. This behavior is to be compared to the cavity QED scenario in which an atom is cycled between
where Nph is the number of photons
the ground and excited states with a frequency that goes as
in the cavity. P is the probability that an atom is excited. Color version online in ref [1].
[1] Anatoly A. Svidzinsky, Luqi Yuan, and Marlan O. Scully, Quantum Amplification by Superradiant
Emission of Radiation, Physical Review X 3, 041001 (2013).
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Speaker: Robert Scully
Session: Poster Session
Schedule: Poster Session

The Agri-Bio-Photonics Research and Technology (ART) Program
Rob Scully, Dmitri V. Voronine, Bin Cao, Virgil Sanders, Sean Carver, Yujie Shen
Timothy D. Phillips and Dwight Bohlmeyer
Texas A&M University, College Station, TX 77843
ABSTRACT
A field portable Raman spectroscopic device is being used to create a plant taxonomy
database. Emphasis is on Texas specimens as well as domestic household plants. A nature trail,
garden and orchard have been established to further this research. Use of Raman technology to
identify types of food prepared by Native Indians on ancient cooking rocks is also being
perfected. Other goals as pertains to Raman are its use as a detector of anthrax and aflatoxicosis.

Figure 1. A portable Raman device is being used to gather data in the field at the Salter Farm
New Biophotonic Sensors for Aflatoxicosis
Aflatoxin B1 is the most potent of 4 naturally-occurring aflatoxins.
•

Aflatoxin B1 is a potent foodborne carcinogen that is also hepatotoxic, immunotoxic, and
antinutritional.

•

Source: Aspergillus flavus and parasiticus fungi (field and in storage).

•

Drought is a common cause of fungal infection and enhanced production of aflatoxins
impacting food safety, food quality and food security. High concentrations of aflatoxins
and elevated infection rates have been recorded in Texas and in Ghana, Africa. New
generation biophotonic sensors are being developed to monitor aflatoxin concentration in
body fluids (blood and urine), in local environment (water and soil), and on food products
directly (corn, nuts, etc.).
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Speaker: Vlad Shalaev
Session: Metamaterials and Metasurfaces
Schedule: Tuesday Morning Invited Session 2

Enabling Nanophotonics with Plasmonics and Metamaterials
Vladimir M. Shalaev
Birck Nanotechnology Center and School of Electrical and Computer Engineering
Purdue University

Manipulating and controlling photons on nanoscale needed for the nanophotonic circuitry and
other important applications requires novel plasmonic metamaterials with unique properties.
Recent progress in the development of optical metamaterials allows unprecedented control over
the flow of light on the nanoscales. Metamaterials (MMs) are rationally designed artificial
materials with versatile properties that can be tailored to fit almost any practical need and thus go
well beyond what can be obtained with “natural” materials. We review the exciting field of
optical metamaterials and discuss the recent progress in developing tunable and active MMs,
nanolasers, artificial optical magnetism, semiconductor-based and loss-free negative-index MMs,
and a new means for engineering the photonic density of states with MMs. New plasmonic
materials with superior properties based on transparent conducting oxides and ceramics will be
also discussed. Finally, we review a new approach for controlling light by using meta-surfaces.
Similar to the surface science that in the past revolutionized the physics and open up a family of
new phenomena and applications unattainable with 3D systems, we envision that metasurfaces
can make a difference for the fields of metamaterials and transformation optics as well as for the
science of light in general.
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Speaker: Gabriel Shchedrin
Session: New coherent sources of radiation: from LWI to parametric collective oscillators (QASER)
Schedule: Tuesday evening invited session

Collective nonlinear oscillators from
two-level atoms
Gavriil Shchedrin1,2 , Yuri Rostovtsev3 , and Marlan O. Scully1,2,4
1

Texas A&M University, College Station, TX 77843
2
3

Princeton University, Princeton, NJ 08544

University of North Texas, Denton TX 76203
4

Baylor University, Waco, TX 76798

Nonlinear interactions and chaotic phenomena are the manifestations of
the complex dynamics in laser-matter interactions. Development of the complex nonlinear models led to a realistic laser description and the subsequent
W¢HtL
2

understanding of the nontrivial laser-matter interactions [1]. In spite of these
remarkable successes the roots of these complex models have never been

1

properly established from the fundamental light-matter interaction. Here we
demonstrate that simple two-level interacting system described by MaxwellSchrödinger equations provides a full basis for the description of a wide range
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space-independent electromagnetic pulse with a gas of two-level atoms nat-
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urally leads to the Van der Pol oscillator equation [2]. By restoring the
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equation [3]. Our result provides an important link between physics of the
chaotic phenomena on the one hand and two-level treatment of laser-matter
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of complex nonlinear phenomena. In particular we show that interaction of a

propagation of the electromagnetic pulse we arrive at the Duffing oscillator
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interaction on the other hand. We suggest new experimental realizations of
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the nonlinear light-matter interactions that can lead to a significant progress
in fundamental physics, quantum optics and engineering [4].
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[1] M. Sargent, M. O. Scully, and W. E. Lamb, Jr., Laser Physics, WV Press, 1974
[2] B. Van der Pol, Radio Rev. 1, 704, 1920
[3] G. Duffing, Forced vibrations with a variable natural frequency, F. Vieweg, 1918.
[4] G. Shchedrin and Yu. Rostovtsev, in preparation.
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Speaker: Timur Shegai
Session: Frontiers in Plasmonics: SERS
Schedule: Wednesday Morning Invited Session 1

Directional emission and plasmon-exciton coupling in plasmonic
nanostructures.
Gülis Zengin, Martin Wersäll, Tomasz Antosiewicz, Peter Johansson, Mikael Käll and Timur Shegai*
Department of Applied Physics, Chalmers University of Technology, 412 96 Göteborg, Sweden
* Tel: (+46) 31 772 3123, e-mail: timurs@chalmers.se
We discuss several examples of coupled plasmonic nanostructures that are able to perform useful functions such as
directing and spectral shaping of light. These abilities are governed by interactions between nanostructural elements.
The first class of interactions that will be considered is a far-field type of interaction, specifically designed here to
result in highly directional emission. We show several examples of such kind of behavior in materially asymmetric
Ag-Au and Pd-Au dimers as well as asymmetric Au-Au pairs and its applications for color-routing and various kinds
of sensing (Fig. 1a-c). The second class of interactions that will be considered is a near-field type of interaction, in
this case between plasmons and excitons. Here, we report experimental observation of exciton-induced transparency
on individual silver nanorods covered by J-aggregates (Fig. 1d).

Figure 1. (a) Ag-Au subwavelength color router nanoantenna. Inset: SEM image of Au-Ag dimer (scale bar: 200nm), and experimental colorfiltered 450nm and 700nm radiation patters [1]. (b) Pd-Au single-wavelength self-referenced hydrogen sensor [1]. (c) asymmetric Au-Au dimers
for refractive index based biosensing. (d) Exciton-induced transparency in scattering of a single Ag nanorod covered by J-aggregates.
Transparency disappears under laser illumination (dashed line). Inset shows dark-field and SEM image of the nanorod (scale bar: 100 nm) [2].

In the first part of the talk, we will discuss plasmonic interactions leading to directional emission. A pair of detuned
dipolar emitters positioned at a proper distance with respect to each other is well-known to generate directional
emission pattern. To detune plasmonic resonances in such nanostructure pairs one could either vary sizes and shapes
of the objects (see e.g. Fig. 1c) or, alternatively, break the compositional symmetry of the dimer (Fig. 1a, b). Using
these simple and compact antenna designs, we have recently demonstrated directional color-routing in bimetallic AgAu nanoantennas and utilized similar arguments for single-wavelength and self-referenced hydrogen sensing in
bimetallic Pd-Au dimers [1]. In the case of the color-router, we demonstrate spatial sorting of normally incident
white light in accordance with its color (Fig. 1a). We also show that the effect of color-routing is polarization- and
angle-dependent and that routing was only possible in heterometallic, but not in homometallic dimers. We have
further utilized such material asymmetry concept for hydrogen sensing in the surrounding gas atmosphere by
bimetallic Pd-Au dimers (Fig. 1b).
In the second part of the talk, we will discuss interaction between excitons and plasmons in the case of individual Ag
nanorods covered by J-aggregates [2]. These hybrid systems were studied on an individual nanoparticle level by
dark-field scattering and extinction as a function of particle dimensions. Particle spectra were shown to exhibit
significantly suppressed scattering and extinction rates (see Fig. 1d) at the J-aggregate absorption band, signaling
strong interaction between the localized plasmon in the metal core and the exciton of the surrounding molecular
layer. The observed “transparency dips” correspond to an average vacuum Rabi splitting of the order of 100 meV,
which approaches the plasmon dephasing rate and, thereby, the strong coupling limit for the smallest investigated
particles. These findings could pave the way towards ultra-strong light-matter interaction on the nanoscale and active
plasmonic devices operating at room temperature.
[1] Shegai et al. Nat Commun., (2011), 2, 481.; Shegai et al. Nano Lett., (2012), 12, 2464-2469.
[2] Zengin et al. Sci Rep., (2013), 3, 3074.
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Speaker: Gennady Shvets
Session: Frontiers in Plasmonics: Metamaterials
Schedule: Monday Morning Invited Session 2

Spectrally Selective Super-Chiral Silicon Metasurfaces
Based on Infrared Fano Resonances
Chihhui Wu1, Nihal Arju1, Jonathan Fan4, Igal Brener2,3, and Gennady Shvets1
1
Department of Physics, The University of Texas at Austin, Austin, Texas 78712, USA
Sandia National Laboratories, New Mexico, PO Box 5800, Albuquerque, New Mexico 87185, USA
3
Center for Integrated Nanotechnologies, Sandia National Laboratories, New Mexico, PO Box 5800, Albuquerque, New Mexico 87185, USA
4
Beckman Institute, University of Illinois at Urbana-Champaign, 405 N Mathews Ave, Urbana, IL 61801, USA
2

Metamaterials and meta-surfaces represent a remarkably versatile platform for light manipulation,
biological and chemical sensing, and nonlinear optics. Many of these applications rely on the resonant
nature of metamaterials, which is the basis for extreme spectrally selective concentration of optical energy
in the near field. In addition, metamaterial-based optical devices lend themselves to considerable
miniaturization because of their sub-wavelength features. This additional advantage sets metamaterials
apart from their predecessors, photonic crystals, which achieve spectral selectivity through their longrange periodicity. Unfortunately, spectral selectivity of the overwhelming majority of metamaterials that
are made of metals is severely limited by high plasmonic losses. Here, we propose and demonstrate Fanoresonant all-semiconductor optical meta-surfaces supporting optical resonances with quality factors
that are almost an order of magnitude sharper than those supported by their plasmonic
counterparts. We also demonstrate that these silicon-based meta-surfaces exhibit extreme planar chirality,
opening exciting possibilities for efficient ultra-thin circular polarizers and narrow-band thermal emitters
of circularly polarized radiation.
An example of a spectrally-selective chiral meta-surface comprised of two Si-based antennas is shown in
Fig.1. The periodic with
meta-surface is based on a double-SOI wafer with
and
patterned using reactive ion etching (RIE) at CINT. The structure has several unique
features: (a) ultra-high quality factor for a mid-IR meta-surface; (b) high conversion efficiency into
circularly polarized radiation (close to 50%) as estimated from the Stokes parameters of the transmitted
light at
. This structure is vastly superior to similar gold structure which has an Ohmic loss
limited Q-factor which is an order of magnitude smaller. Future directions for polarization conversion,
spectrally-selective thermal emission, and nonlinear IR light generation will be discussed.

(a)

(b)

(c)

Fig.1: Geometry and electromagnetic properties of a Si-based meta-surface. (a) Schematic, SEM image,
simulated field distribution, and measured cross-polarized transmission
of the meta-surface. (b) Comparison of
for metal (light blue) and Si meta-surfaces which provide higher polarization and much narrower (
)
spectral selectivity. (c) Schematic of the experimental extraction of the Stokes parameters of the transmitted light.
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Speaker: Sharon Shwartz
Session: Coherent and Quantum X-ray optics
Schedule: Wednesday Morning Invited Session 1

X-Ray Second Harmonic Generation
S. Shwartz1, 2, M. Fuchs3, 4, J. B. Hastings5, Y. Inubushi6, T. Ishikawa6, T. Katayama7,
D. A. Reis3, 8, T. Sato6, K. Tono7, M. Yabashi6, S. Yudovich1, and S. E. Harris2
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PULSE Institute, SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA.
4
Department of Physics and Astronomy, University of Nebraska, Lincoln, Nebraska 68588, USA
5
LCLS, SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA
6
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7
JASRI, Kouto 1-1-1 Sayo, Hyogo 679-5148, Japan
8
Department of Applied Physics, Stanford University, Stanford, California 94305, USA
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It is now 40 years since Freund [1] and Eisenberger [2] and colleagues described a theory for the nature of
a solid-state dense plasma nonlinearity that is operative at x-ray wavelengths. Unfortunately, if the
interacting frequencies are all in the x-ray region of the spectrum, the magnitude of this nonlinearity is
sufficiently small that, previous to the work reported here, it has only been observable by utilizing
parametric down conversion [2-4]. The new x-ray free electron lasers offer intensities in excess of 1019
W/cm2. At these intensities, the x-ray matter-interaction is characterized by multiple sequential ionization
and call for experiments on nonlinear effects.
	
  Using a 1.7 Å pumping beam generated by a free electron laser, we observe second harmonic
generation (SHG) in diamond. The generated second harmonic is of order ten times the background
radiation, scales quadratically with pump pulse-energy, and is generated over a narrow phase-matching
condition. The largest observed SHG efficiency is 5.8×10!!! . The second harmonic is generated with a
fundamental x-ray intensity of 1016 W/cm2. This is several orders of magnitude larger than the threshold
for damage in the visible region of the spectrum. Moreover, the electric field at the peak is estimated to be
about 2.5×109 V/cm. This strength of the electric field is very nearly the atomic field, but we have not
observed any damage to the crystal.
Schematic of the experimental
setup. The monochromator selects a
7.3keV pump-beam. A pair of
mirrors focuses the beam to about
1.5 microns. The nonlinear medium
is a diamond crystal placed in the
focus. The phase matching is
achieved by using the (220) atomic
planes; !⃗
k ! and !⃗
k !" are the wave
vectors of the pump and the
generated
second
harmonic
!
⃗
respectively. G is the reciprocal
lattice.

	
  

[1] I. Freund and B. F. Levine, Phys. Rev. Lett. 23, 854857 (1969).
[2] P. M. Eisenberger and S. L. McCall, Phys. Rev. Lett. 26, 684 (1971).
[3] B.W. Adams, Nonlinear Optics, Quantum Optics, and Ultrafast Phenomena with X-Rays (Kluwer
Academic Publisher, Norwell, MA, 2008).
[4] S. Shwartz et al. Phy. Rev. Lett. 109, 013602 (2012).
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Speaker: Jon Simon
Session: Cavity enhanced light-matter interactions
Schedule: Monday evening invited session

Engineering Photonic Quantum Materials: Progress and Perspectives
Alex Georgakopoulos, Albert Ryou, Ningyuan Jia, Aaron Krahn, Graham Greve,
Lindsay Bassman, Ariel Sommer, Jonathan Simon
James Franck Institute, University of Chicago, Chicago Illinois
Low dissipation, strongly interacting material systems are an exciting frontier in condensed matter
physics and materials science. These systems order in exotic and unpredictable ways, exhibiting
emergent properties that are fundamentally challenging to understand and potentially extremely
useful for next generation materials. My group is focused upon creating new materials composed of
photons or photonic quasi-particles, capitalizing on the ease with which the single particle dynamics
of photons may be manipulated in a variety of contexts to produce effectively massive photons,
spin-orbit coupled photons, and eventually strongly interacting gases of photons.
First, I will present recent work demonstrating that braiding of 2D
transmission line arrays leads to knotted photonic band-structures
corresponding to time-reversal-invariant topological insulators in RF
domain, with extensions to microwaves. Precise control of system
properties enables us to observe, with space- and time- resolution,
the dynamics of both delocalized edge modes, and localized bulk
modes, as they propagate through
the material. Extensions include
realization
of
exotic
global
topologies such as Mobius strips,
and eventually the introduction of cooper-pair-boxes to add a
strong non-linearity, enabling studies of fractional quantum hall
physics in microwave waveguide arrays.
I will then discuss our progress in ongoing efforts to develop materials
consisting	
  of cavity Rydberg polaritons, whose strong, coherent interactions
have the potential to probe dynamic crystallization and other traditionally
soft-matter phenomena in a quantum regime. In this
system, the kinetic degree of freedom of the photon
arises from the transverse modes of the resonator,
whose spacing may be engineered through subtle
changes in resonator geometry. Interactions are
introduced via a Rydberg dressing of the resonator
photons, producing an strong photon-photon interaction with finite range. I
will describe the present status of the apparatus, and discuss prospects for
engineered dissipation to cool the system into desirable quantum states,
along with possible approaches to implementing synthetic gauge fields for
resonator photons.

PQE-2014

248

Speaker: Kilian Singer
Session: Quantum Thermodynamics
Schedule: Tuesday Morning Invited Session 1

Non-equilibrium statistics and thermodynamic machines with trapped ions
AG Schmidt-Kaler, QUANTUM, Institute of Physics, University of Mainz, Germany
Ions confined in a Paul trap arrange in linear crystals and allow for a unique control and analysis.
Also, control parameters may be tailored such that a structural phase transition from a linear to a
zigzag configuration of the crystal is crossed [1]. Trapped ions serve here as a clean model system to
investigate universal laws of defect formation when such transition is crossed fast and causally
separated regions form [2]. The amount of defects is predicted by the Kibble-Zurek mechanism [3].
We have experimentally determined the universal scaling exponent for defect formation and confirm
the scaling law for the inhomogeneous Kibble-Zurek effect accurately at the percent level [4]. In a
second part of the talk we highlight thermodynamic machines scaled down to a single ion [5]. We
propose driving the trapped ion in an Otto cycle, oscillating in a specially designed linear Paul trap
and coupled to engineered laser reservoirs. We present detailed Monte Carlo simulations and the
calculation of the efficiency of such single ion heat engine, exceeding the standard Carnot limit when
employing a squeezed thermal reservoir [6].

linear
zagzig

zigzag

defects

Figure: Linear ion crystals, zigzag structures with and without defects, as observed after the structural
phase transition.
[1] Kaufmann et al., PRL 109, 263003 (2012)
[2] Kibble, Jour. Phys. A 9, 1387 (1976), Zurek, Nat. 317, 505 (1985), Del Campo & Zurek,
arXiv:1310.1600
[3] Del Campo et al. PRL 105, 75701 (2010), De Chiara et al. NJP 12, 115003 (2010)
[4] Ulm et al., Nat. Comm.4, 2290 (2013)
[5] Abah et al., Phys. Rev. Lett. 109, 203006 (2012)
[6] Roßnagel et al., arXiv:1308.5935 (2013).
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Speaker: David Smith
Session: Frontiers in Plasmonics: Nonlinear Effects
Schedule: Tuesday Morning Invited Session 2

Film-Coupled Nanoparticles as a Platform to Investigate
Enhanced Nonlinearity
D. R. Smith, C. Ciracì, A. Moreau, B. Lassiter, X. Liu, E. Poutrina, D. Gauthier
1

Center for Metamaterials and Integrated Plasmonics and Department of Electrical and Computer
Engineering, 101 Science Drive, Box 90291, Duke University, Durham, NC 27713, United States

Abstract
The film-coupled nanoparticle system—in which plasmon resonant nanoparticles are
separated nanometer distances from a metal film by an insulating spacer—has unique
properties that make it particularly useful for enhancing many nonlinear processes. In
particular, readily available and easy to apply surface chemistries now exist, such as
layer-by-layer self-assembly of polyelectrolyte films, that allow for near Angstrom-scale
control over the spacer thickness and large-area uniformity. Inorganic spacers, such as
oxides produced using atomic layer deposition (ALD) can also achieve similar or better
levels of control over the spacing layer.
The optical properties of film-coupled nanoparticles are strongly affected by the
nanoparticle shape. Nanospheres, for example, scatter predominantly as electric dipoles.
The scattering from metal film-coupled nanospheres then can be approximately
understood as scattering from the nanosphere and its electromagnetic image created in the
metal film. When the nanosphere is very close to the film—on the order of 10 nm or
less—very large field enhancement occurs in the gap between nanosphere and image,
predicted to be as much as 10,000 times that of the incident field for the narrowest (<1
nm) gaps. Since nonlinear processes are in proportion to higher powers of the local fields,
the large field enhancements in turn imply substantial enhancements for harmonic
generation or wave mixing.
Another interesting system is that of nanocubes or planar nanoparticles, which support
transmission line-like modes between the two planar metal contact regions. The nanocube
is, in fact, the optical analog of a patch antenna, ubiquitous in microwave and RF
technology. The nanocube offers a useful opportunity for analysis, since the entirety of
patch antenna theory can be leveraged to gain an immediate understanding of its optical
scattering characteristics. Because of the nature of their scattering properties, nanocubes
and planar nanoparticles can strongly modify the reflectance properties of the surface,
creating a nearly ideal absorber at desired wavelengths. The controlled reflectance of the
surface provides another means for enhancing nonlinearity, by allowing potentially all of
a fundamental beam to be converted. Periodic or other arrangements of the nanoparticles
can further enable control over the propagation of the fundamental beam with
simultaneous control of the local field enhancement.
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Speaker: Cesare Soci
Session: Functionalized Metastructures and Quantum Metamaterials
Schedule: Wednesday Morning Invited Session 2

Cognitive Photonic Networks
Cesare Soci
CDPT, Nanyang Technological University, Singapore
www.nanophotonics.sg

The modern information society is enabled by photonic fiber networks of huge coverage and
complexity, from transcontinental submarine telecommunication cables to fiber to the home local
segments. This worldwide network already exceeds the complexity of brains of primitive
organisms, such as honeybees with about one million neurons and a billion synapses. Could such
network implement cognitive functions?
Using simple fiber networks for proof-of-principle demonstration, we will give examples of
optical networks solving computational tasks of various complexity, from matrix inversion to NPcomplete problems and metaheuristic optimization. We will also discuss the use of nonlinear
optical fibers toward implementation of neuromorphic photonic systems, and possible extension
of this approach to “cognitive” silicon photonics or plasmonic waveguide networks.
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Session: Molecular modulation
Schedule: Wednesday evening plenary session

Pulse Shaping and Beam Shaping
through Broadband Coherent Raman Generation
A. V. Sokolov, K. Wang, X. Hua, J. Strohaber and M. C. Zhi
Department of Physics and Astronomy, and Institute for Quantum Science and
Engineering, Texas A&M University, College Station, TX 77843-4242, U.S.A.

Abstract
In this presentation I will review recent progress toward the development and
application of a Raman-based technique which allows simultaneous laser field
shaping and beam shaping. Our approach builds upon Molecular Modulation that
gives us a light source with a bandwidth spanning infrared, visible, and ultraviolet
spectral regions, and is capable of producing ultra-short (single-cycle) pulses of light
which are automatically synchronized with respect to the molecular oscillations. The
central feature of this technique is the preparation of an ensemble of molecules in a
coherent superposition state -- a feature that has earlier been used in
electromagnetically induced transparency, ultraslow light propagation, and lasing
without inversion. Recently, we have applied this technique to Raman active crystals,
such as led tungstate and diamond, and obtained efficient generation of multiple-order
coherent Raman sidebands by crossing two femtosecond beams in such a crystal; we
then shaped the resultant waveforms with a pulse-shaping technique. We have
conducted further experiments where we refocus the generated coherent Raman
sidebands and the driving pulses back to the same crystal (at a slightly different
position) with two spherical mirrors and, by varying the delay between the two
sub-sets of beams, we have obtained an interferometric spectrogram that enables us to
characterize the relative spectral phases among the sidebands. Furthermore, we study
coherent transfer of optical orbital angular momentum in multi-order Raman
sidebands, which provides a new degree of freedom for ultrashort pulse manipulation.
These are steps toward spatio-temporal engineering of sub-cycle optical fields.
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Speaker: A. Douglas Stone
Session: Special Plenary Session
Schedule: Tuesday afternoon plenary session

Einstein	
  and	
  Quantum	
  Mechanics:	
  It’s	
  Not	
  What	
  You	
  Think	
  
	
  
A.	
  Douglas	
  Stone	
  –	
  Yale	
  University,	
  Applied	
  Physics	
  
	
  
Einstein	
  is	
  well	
  known	
  for	
  his	
  rejection	
  of	
  quantum	
  mechanics	
  in	
  the	
  form	
  it	
  
emerged	
  from	
  the	
  work	
  of	
  Heisenberg,	
  Born	
  and	
  Schrodinger	
  in	
  1926.	
  	
  Much	
  less	
  
appreciated	
  are	
  the	
  many	
  seminal	
  contributions	
  he	
  made	
  to	
  quantum	
  theory	
  prior	
  
to	
  his	
  final	
  scientific	
  verdict,	
  that	
  the	
  theory	
  was	
  at	
  best	
  incomplete.	
  	
  In	
  this	
  talk	
  I	
  
present	
  an	
  overview	
  of	
  Einstein’s	
  many	
  conceptual	
  breakthroughs	
  and	
  place	
  them	
  in	
  
historical	
  context.	
  	
  I	
  argue	
  that	
  Einstein,	
  much	
  more	
  than	
  Planck,	
  introduced	
  the	
  
concept	
  of	
  quantization	
  of	
  energy	
  in	
  atomic	
  mechanics.	
  Einstein	
  proposed	
  the	
  
photon,	
  the	
  first	
  force-‐carrying	
  particle	
  discovered	
  for	
  a	
  fundamental	
  interaction,	
  
and	
  put	
  forward	
  the	
  notion	
  of	
  wave-‐particle	
  duality,	
  based	
  on	
  sound	
  statistical	
  
arguments	
  14	
  years	
  before	
  De	
  Broglie’s	
  work.	
  	
  He	
  was	
  the	
  first	
  to	
  recognize	
  the	
  
intrinsic	
  randomness	
  in	
  atomic	
  processes,	
  and	
  introduced	
  the	
  notion	
  of	
  transition	
  
probabilities,	
  embodied	
  in	
  the	
  A	
  and	
  B	
  coefficients	
  for	
  atomic	
  emission	
  and	
  
absorption.	
  He	
  also	
  preceded	
  Born	
  in	
  suggesting	
  the	
  interpretation	
  of	
  wave	
  fields	
  as	
  
probability	
  densities	
  for	
  particles,	
  photons,	
  in	
  the	
  case	
  of	
  the	
  electromagnetic	
  field.	
  	
  
Finally,	
  stimulated	
  by	
  Bose,	
  he	
  introduced	
  the	
  notion	
  of	
  indistinguishable	
  particles	
  
in	
  the	
  quantum	
  sense	
  and	
  derived	
  the	
  condensed	
  phase	
  of	
  bosons,	
  which	
  is	
  one	
  of	
  
the	
  fundamental	
  states	
  of	
  matter	
  at	
  low	
  temperatures.	
  	
  His	
  work	
  on	
  quantum	
  
statistics	
  in	
  turn	
  directly	
  stimulated	
  Schrodinger	
  towards	
  his	
  discovery	
  of	
  the	
  wave	
  
equation	
  of	
  quantum	
  mechanics.	
  	
  It	
  was	
  only	
  due	
  to	
  his	
  rejection	
  of	
  the	
  final	
  theory	
  
that	
  he	
  is	
  not	
  generally	
  recognized	
  as	
  the	
  most	
  central	
  figure	
  in	
  this	
  historic	
  
achievement	
  of	
  human	
  civilization.	
  
	
  

EINSTEIN
AND THE
QUANTUM
THE QUEST OF THE VALIANT SWABIAN
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Speaker: A. Douglas Stone
Session: Novel phenomena in steady-state lasing from ab initio theory
Schedule: Thursday Morning Plenary Session 2

Steady-State Ab Initio Laser Theory: Overview and New Developments
A. Douglas Stone – Dept. of Applied Physics – Yale University
Steady-state Ab initio Laser Theory (SALT) is a method for directly finding the steadystate solutions of the semiclassical laser equations without integrating them in time. It is
formulated to deal with laser cavities/systems of arbitrary complexity, such as modern
micro-cavity, nano, photonic crystal and random lasers. The theory treats the openness of
the cavity exactly and the non-linear modal interactions to infinite order, (within the
stationary inversion approximation), and it has been shown to be very accurate for Nlevel lasers, even for multimode lasing high above threshold. The SALT equations are
non-linear, coupled wave equations, and have previously been solved using a special nonhermitian basis set that is well-adapted to the lasing problem, known as the constant-flux
(CF) basis. Very recently several groups have developed a direct solution method which
is significantly more computationally efficient, bringing three-dimensional vector SALT
solutions within reach, and hence making it possible to use SALT for realistic laser
design and control. Also quite recently, it has been shown how to calculate the laser
linewidth quantitatively from SALT, leading to a formula that automatically includes all
of the known corrections to the Schawlow-Townes formula (incomplete inversion,
Petermann factor, alpha factor and bad-cavity correction). Finally, a number of novel
phenomena have been discovered by application or extension of the SALT approach,
such as re-entrant lasing, PT-symmetric laser-absorbers, and time-reversed lasers. This
talk will review (briefly) the SALT theory and new laser phenomena just mentioned.

Fig. 1: Calculated emission pattern from a 2D random laser using SALT, adapted from Tureci et
al., Science 320, 643-646 (2008).
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Speaker: Elodie Strupiechonski
Session: Poster Session
Schedule: Poster Session

Enhancing the gain by quantum coherence in terahertz solid state lasers
E. Strupiechonski(a,b) , P. Genevet(a,b), R. Blanchard(a),
A. Belyanin(b) , F. Capasso(a) and M. O. Scully(b)
(a) SEAS, Harvard Univ., Cambridge, MA, USA
(b) Dept. of Phys., Texas A&M Univ., College Station, TX, USA
We propose and study quantum cascade laser (QCL)
sources in which an external mid-infrared radiation serves
as a coherent drive for enhancing terahertz (THz) lasing. An
example of the active region design is shown in Fig. 1,
where the calculated conduction Al25Ga75As/GaAs band
diagram is shown for two identical modules under
-1
alignment bias (14.6 kV.cm ). The design is based on a
[1]
“resonant-phonon” active region design , in which a midinfrared transition is also engineered. In this structure,
electrons are injected into both states 1’ and 4, with
injection efficiency tunable by the applied bias. State 3 stays
empty due to resonant LO-phonon scattering into the
ground state (represented with a white arrow in Fig. 1). As a
result, the transition 4 3 is inverted, and lasing is
observed as in a standard THz QCL. A coherent radiation at
mid-infrared wavelength
10.2 μm, resonant to
transition 3 5 (red arrow), generates quantum coherence
between states 5 and 4, hence contributing to the THz gain
for radiation resonant to transition 4 3 (blue arrow). The
maximum gain is reached when both optical fields are at
exact resonance with corresponding transitions. The
maximum gain is given by:
THz

4

|

|

!

"#$

Figure 1 - Schematic of the design for coherence enhancement of the gain in a THz quantum cascade laser.
The THz transition is represented by the plain blue
arrow and the mid-IR pump by the red arrow.
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where
is the dipole moment of the THz transition,
is the refractive index of the THz mode, $+ is the
population on the , th subband, +/ is the linewidth of the transition , 0, and Ω' is the Rabi frequency of the midinfrared drive field 1' , defined as Ω'
) 1' ⁄2.
In order to carefully investigate the effects of the mid-infrared pump on the THz gain, three different
structures have been designed in Al25Ga75As/GaAs. This material system has been chosen for its large value of
conduction band discontinuity (223.5 meV), allowing for a good confinement of highly excited states involved in
the mid-infrared transition. Each active region has been grown by molecular beam epitaxy on an insulating GaAs
substrate and will be processed in metal-metal and single-plasmon Fabry-Perot waveguides. The estimated power
-2
needed for the external mid-infrared source is estimated to be 1 10 MW.cm . This requirement can be met by
[2]
using a CO2 laser or a QCL master-oscillator power-amplifier (MOPA) .
1.
2.

Luo, H. et al., Applied Physics Letters, 90, 041112 (2007)
Rauter, P. et al., Applied Physics Letters, 101, 261117 (2012)
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Speaker: Eric Van Stryland
Session: Novel Optics
Schedule: Wednesday Morning Invited Session 1

Nonlinear absorption and refraction spectroscopy
E. Van Stryland, M. Reichert, M. Ferdinandus, T. Ensley, H. Hu and D. Hagan
CREOL, The College of Optics & Photonics, University of Central Florida,
4304 Scorpius St., Orlando, FL 32816-2700

Here we discuss various experimental methods for measuring the spectra of nonlinear absorption
(NLA) and the dispersion of nonlinear refraction (NLR) to both rapidly obtain spectra and to be able to
measure these in dilute solutions and thin films. Z-scan [1] is a commonly used method for measuring
NLA and NLR. However, performing spectroscopy can be time-consuming since tuning the light source
usually requires a complete characterization of the beam parameters (energy, pulsewidth, beam shape) in
order to determine the irradiance, and most tunable sources, e.g. optical parametric devices, do not have
everyday reproducible parameters. This characterization usually takes more time than performing the Zscans themselves, thus considerably lengthening the time it takes to measure nonlinear spectra/dispersion.
In order to speed up this process we introduced the White-Light Continuum (WLC) Z-scan which uses a
spectrally filtered WLC as the optical source for Z-scans. Once characterized we find that the spatial and
temporal properties of the WLC are stable from day to day thus allowing spectra to be obtained much
more rapidly. In addition, the WLC is also useful as the probe in a pump-probe experiment which can
give the temporal dynamics of the nonlinear response which cannot be obtained from simple Z-scans.
These complementary techniques are often sufficient for determining the physical processes responsible
for the NLA and NLR. However, we often obtain samples from collaborators that are either in low
concentration solutions or in the form of thin films on thick substrates. Here the NLA can still be
obtained, but the NLR is problematic since the NLR of the solvent or substrate usually dominates the
overall NLR of the samples. We developed a differential Z-scan technique employing 2 identical Z-scan
arms to deal with this problem, the Dual Arm (DA) Z-scan. In this method, noise from, e.g., beam
pointing instabilities, are correlated and cancel. In practice this increases the signal-to-noise by an order
of magnitude allowing us to measure NLR of dilute solutions and thin films.
Pump-probe techniques have been used for years to determine the dynamics of nonlinear
absorption; however, this technique is not well suited for nonlinear refraction. We have borrowed from
the photothermal deflection technique which has long been used to measure weak absorption by
monitoring the thermally-induced index change. We replace cw lasers with pulsed sources and include a
delay arm to allow the determination of the nonlinear dynamics.[2] This method is shown in Fig. 1a.
Advances in bi- and quad-cell detectors with integrated differential amplifiers allow extremely small
beam deflections to be measured, and we have a demonstrated sensitivity of λ/20,000 induced phase shift
as shown in Fig. 1b (inset) showing signals from quartz.
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Fig. 1: Left: Beam deflection schematic. a) probe beam b) delay line c) excitation beam d) sample e) deflected beam f) quad cell detector g) quad
cell detector diagram, h) overlap of excitation and probe beam i) polarization orientation between excitation and probe beams. Right: h) Index
change Δn as a function of delay τd in fused silica for co-polarized (1) and cross-polarized cases (2), using ~200 femtosecond pulses.

[1] M. Sheik-Bahae, et al., "Sensitive Measurement of Optical Nonlinearities Using a Single Beam," IEEE J. Quantum Elect. 26, 760-769 (1990)
[2] M. Ferdinandus, et al., "Beam deflection measurement of time and polarization resolved ultrafast nonlinear refraction", Opt. Lett. 38, 3518-3521 (2013) .
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Speaker: Szymon Suckewer
Session: X-ray lasers
Schedule: Wednesday Morning Invited Session 2

SRBS Amplifier & Compressor for Ultraintense Fsec Laser
as the Pump for XRL in “Water Window”
SPEAKER: Szymon Suckewer

Princeton Ultrahigh Laser Intensity Phenomena Laboratory,
Princeton University
We will present our recent experimental results for Stimulated Raman
Backscattering (SRBS) in under-dense plasma with our earlier results on
development of ultraintense fsec laser. The main motivation for this research is
application of such fsec laser as the pump for recombination table top X-ray laser,
XRL, in “water window” at 4.1nm in He-like CV ions and at 3.4nm in H-like CVI
ions, and even at shorter wavelengths.
Special attention will be devoted to Lasing Without Inversion as potential gain
enhancement of recombination XRL based on lasing in transition 2 – 1 in CV ions.
The comparison of experimental SRBS results with extensive 2-D computer
modeling of the pump-seed time evolution interaction will be discussed from point
of view of SRBS efficiency and its amplification saturation issue	
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Speaker: Alex Sugarbaker
Session: Atom Interferometry, General Relativity, and Cold Atoms
Schedule: Wednesday Morning Invited Session 2

Large momentum transfer atom interferometry
in a 10 m tower
Alex Sugarbaker, Susannah M. Dickerson, Jason M. Hogan, Tim Kovachy, and Mark A. Kasevich
Department of Physics, Stanford University, Stanford, CA 94305

Atom interferometry with an interrogation time of 2 T = 2.3 s has recently been demonstrated in
the Stanford 10 m drop tower [1, 2]. With 2~k atom optics, we infer an acceleration sensitivity of
6.7 × 10−12 g per shot. We have also measured Earth’s rotation rate with 200 nrad/s precision and
the direction of true North with 10 mdeg precision. This talk will discuss how spatially resolved
detection and atomic point sources enable multiaxis inertial sensing.
We are now extending these results with large momentum transfer atom optics [3]. This increases
the sensitivity of the interferometer to inertial forces, facilitating laboratory tests of general relativity
[4]. Large momentum transfer also increases the wavepacket separation between the two arms
of the interferometer, probing the quantum-to-classical transition with increasingly macroscopic
superposition states.

4 cm

FIG. 1: Left: The Stanford 10 m atom interferometer. Top-Right: Atomic density distribution as imaged at
the top of the tower (4 cm wavepacket separation from a 6~k beamsplitter shown). Bottom-Right: Spatiallyresolved interference fringes observed at the bottom of the tower after 2~k interferometers with various beam
tilts and timing asymmetries.

[1]
[2]
[3]
[4]
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S.-w. Chiow, et al., Phys. Rev. Lett. 107, 130403 (2011).
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Speaker: Anatoly Svidzinsky
Session: New coherent sources of radiation: from LWI to parametric collective oscillators (QASER)
Schedule: Tuesday evening plenary session

Quantum amplification by superradiant emission of radiation
Anatoly Svidzinsky1,2, Luqi Yuan1,2 and Marlan Scully1,2,3
1

Texas A&M University, 2Princeton University and 3Baylor University

We present a new kind of light amplifier (called the QASER) based on collective parametric resonance
which, contrary to a laser, does not need any population in the excited state and generates high
frequency coherent radiation by driving an atomic ensemble with a much smaller frequency [1]. The
amplification mechanism of the QASER is governed by the difference combination parametric
resonance which occurs when the driving field frequency matches the frequency difference between
two normal modes of the coupled light atom system [see Fig. 1(a)]. To achieve gain one must
suppress AC Stark shift caused by the driving field [Fig. 1(b)]. The resulting superradiant amplifier
holds promise for a new kind of generator of high frequency (e.g. XUV or x-ray) coherent radiation
utilizing a low frequency (e.g. infrared) drive. We present an experiment which demonstrates the
QASER amplification mechanism in electronic circuit in the radio frequency range [see Fig. 1(c,d)].

Figure 1: (a) Collective modes of electromagnetic field interacting with atomic medium. (b) Input and output
high frequency pulse as a function of time after it propagates through the medium of length 𝐿 = 100𝑐/Ω𝑎 .
Atoms are driven by low frequency field and AC Stark shift is compensated. (c) Experimental setup: two RLC
circuits are connected by a capacitor and a multiplier M which yields nonreciprocal coupling between the
circuits. Natural frequencies of the system are 𝜔1 = 196 kHz and 𝜔2 = 222 kHz. (d) Measured spectrum of
oscillations for driving frequency 𝜈𝑑 = 𝜔2 − 𝜔1 = 26 kHz.

[1] A.A. Svidzinsky, L. Yuan and M.O. Scully, Phys. Rev. X 3, 041001 (2013).
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Speaker: Atsushi Taguchi
Session: Spectroscopy in Biology and Medicine
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DUV tip-enhanced Raman scattering for nano resonance Raman spectroscopy
Atsushi Taguchi1,2 and Satoshi Kawata1,3
1

Near-field Nanophotonics Research Team, RIKEN, Wako, Saitama, Japan
Tokyo University of Agriculture and Technology, Koganei, Tokyo, Japan
3 Department of Applied Physics, Osaka University, Suita, Osaka, Japan

2

Raman Intensity

Abs.

DUV resonance Raman spectroscopy is a unique and powerful technique for structural analysis
of biomolecules [1]. Through electronically resonant excitation, a specific vibrational mode out of
complex Raman signatures is selectively enhanced and detected, enabling detailed structural analysis at
the specific molecular vibrational site. In this contribution, we report our recent efforts aiming at
evolving DUV resonance Raman spectroscopy as a nano-imaging and analysis tool with the spatial
resolution beyond the diffraction limit of light. Our technique, tip-enhanced Raman spectroscopy
(TERS), uses a sharp metallic tip to enhance the Raman scattering from molecules sitting locally under
the metallic tip [2]. Thanks to the surface plasmon resonances excited at the metallic tip, Raman
scattering intensity from the excited molecule is enhanced by several orders of magnitude, enabling
detection and analysis of molecules from a tiny nanoscale volume. Since the invention of TERS
technique [3], a tremendous progress has been made in visible wavelength, while in UV, no much
attention has been paid, because the surface plasmon is not supported in UV with the use of gold and
silver, the predominant choice of material for plasmonics. We have recently reported that we can play
with plasmon in DUV with aluminum [4,5], a material
having higher plasma frequency down to DUV with a
reasonably low loss character.
1343
266
We investigated localized surface plasmon
1493
resonances (LSPR) of aluminum nanostructures by
1260
1604
220 400 600 800
fabricating different size of aluminum nanoparticles [5].
Wavelength (nm)
By shrinking the size of nanoparticle down to 50 nm,
LSPR was realized in 270 nm in DUV wavelength,
confirming that the aluminum is a promising material for
With tip
DUV-TERS. Using aluminum-coated Si probe, we have
Without tip
successfully demonstrated plasmonic tip-enhancement of
resonance Raman scattering at 266 nm excitation
wavelength [4]. Raman scattering signal of adenine
500
1000
1500
Wavenumber (cm-1)
nanocrystal sample was strongly enhanced with the
enhancement factor of more than 1,000 times (Fig.1). Fig.1. DUV Raman spectra of adenine
These results will open a way to realize molecular nanocrystal measured with and without
analysis and imaging with nanoscale spatial resolution in aluminum probe. Excitation wavelength was
DUV resonance Raman spectroscopy using the tip- 266 nm. The inset shows absorption spectrum
of adenine sample.
enhancement effect.
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Influence of Nanocluster Geometry on the Local Field Strengths in the
Junction Hot-Sites
Li-Lin Tay and John Hulse
National Research Council Canada, 1200 Montreal Road, Ottawa, ON, K1A 0R6, Canada, lilin.tay@nrc-cnrc.gc.ca
Optical excitation of small plasmonic nanoparticle
aggregates generates highly enhanced and localized
electromagnetic fields that generally reside within the
gap regions of the plasmonic nanoparticle aggregates.
Local field strength at the nanoparticle junction hot-sites
can be orders of magnitude higher than the incident
electric field. [1] Field enhancement at the junction hotsites has been utilized in many analytical and
nanophotonics applications such as sensing and a
variety of surface enhanced spectroscoies with the best
known example being the surface enhanced Raman
scattering (SERS) phenomenon.
Experimental measurements and theoretical calculations
have shown the intricate dependency of LSPR on the
geometrical arrangement of nanoparticle structures but
few have the relative electric field strength at the
various electromagnetic hot-sites. In this paper we
investigate electric field at the junction hot sites in
nanoparticle aggregates both by spectroscopic
measurement and electromagnetic calculations. It is
well recognized that the junction hot-sites in NP
aggregates are of paramount importance in inducing
strong SERS activity. This makes SERS an ideal
technique for probing these junction hot-sites. Since the
enhancement response in SERS is proportional to the
fourth power of the local electric field, the molecules
situated at the hot-sites will easily dominate the Raman
spectrum of an adsorbate on NP aggregate. Observed
variability of SERS strength between NP aggregates has
often been portrayed as evidence of the irreproducibility
of SERS on a NP substrate. However, this variation in
SERS strength is actually a manifestation of the
variability of electromagnetic field strength at the hotsites in the various nanoaggregates assemblies as shown
in Fig.1. We have recently reported an experimental
quantification of this SERS variability by correlating
measured SERS signals of specific small NP aggregates
with their geometric arrangements.[2-3] Experimental
measurements of LSPR and SERS were obtained
through dark-field microscopy and Raman spectroscopy
while structural geometry of the NP aggregates was
elucidated with scanning electron microscopy (SEM).
We also carried out comprehensive electromagnetic
calculations using the discrete dipole approximation to
provide insights and guide our interpretations of
experimental results.
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Fig. 1 (a). Calculated electric field strength (normalized
to incident field E0) at the various junction hot-sites for
3 to 6 nanocluster aggregates. (b). Calculated extinction
spectra of the corresponding nanoclusters in a. (c) and
(d). depict the field strength of the maximum and
minimum junction hot-sites respectively.
References:
[1] HX. Xu, J. Aizpurua, M. Kall, P. Apell, Phys. Rev. E
62, 4318 (2000)
[2] Tay et al., J. Phys. Chem. C 114, 7356 (2010)
[3]. Tay et al., J. Mod. Optic, 60(14), 1107 (2013)
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Mixed-state reconstruction and X-ray imaging
Pierre Thibault
Department of Physics & Astronomy, University College London (UK)

Ptychography is an imaging technique that uses
the coherence of an incident illumination to encode
the spatial distribution of a sample’s transmission
function. The approach combines algorithmically
a collection of diffraction measurements generated
from the illumination of several regions on the specimen. Since it’s first demonstrations with visible
light [1] and X-rays [2, 3] the technique has quickly
gained momentum as one of the most promising
lensless imaging technique, especially in the X-ray
community. It is now used routinely for threedimensional imaging [4] with a few dedicated instruments.
At the core of ptychographic image reconstructions is the “phase problem”, especially well known
to crystallographers but met in one form or the
other in multiple fields of physics. Because any measurement device – in this case a pixel-array detector – is only sensitive to the wavefield intensity, the
image reconstruction task essentially amounts to recovering the phase of the wavefield with the help of

a
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additional a priori information.
In the case of ptychography, diffraction is used
as a means to produce diverse measurements that
carry redundant information about the sample and
the illumination. When specific experimental conditions are met, the information collected is sufficient
to reconstruct the sample’s transmission function
and the two-dimensional wavefield – both complexvalued quantities in general.
Because a coherent illumination is nothing
else than a multiply occupied pure photon state,
the ability to reconstruct the incident wavefield
amounts to accomplishing quantum state tomography. The connection between two apparently distinct fields has opened the way to new developments
[5]. In particular, image reconstruction algorithms
have been successfully adapted to support partially
coherent illuminations – a mixed photon state – and
recent results from sparse analysis indicate that the
number of required diffraction measurements scales
linearly with the rank of the density matrix.

7.8%

X-ray photon quantum state tomography. a The five dominant eigenvectors, represented both in Fourier and
direct (inset) space, of the photon density matrix recovered from an X-ray ptychography experiment. b The experimental setup. A partially coherent portion of the incident X-ray beam is selected by entrance slits and focused on
a sample. The diffraction patterns, collected in the far field for different translations of the test sample, are fed into
a phase retrieval algorithm that recovers both the sample image (not shown)
and the incident photon beam density
matrix. Figure adapted from [5].

[1] J. M. Rodenburg, A. C. Hurst, A. G. Cullis, Ultramicroscopy 107, 227 (2007).
[2] J. M. Rodenburg, A. C. Hurst, B. R. Dobson, F. Pfeiffer, O. Bunk, C. David, K. Jefimovs, I. Johnson, Phys. Rev. Lett.
98, 1 (2007).
[3] P. Thibault, M. Dierolf, A. Menzel, O. Bunk, C. David, F. Pfeiffer, Science 321, 379 (2008).
[4] M. Dierolf, A. Menzel, P. Thibault, P. Schneider, C. M. Kewish, R. Wepf, O. Bunk, F. Pfeiffer, Nature 467, 436 (2010).
[5] P. Thibault, A. Menzel, Nature 494, 68 (2013).
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10 dB of Directly Observed Spin Squeezing
Justin G. Bohnet, Kevin C. Cox, Matthew A. Norcia, Joshua M Weiner, Zilong Chen, and
James K. Thompson
JILA, Dept. of Physics, University of Colorado, Boulder, CO 80309
Collective measurements can project a system into an entangled state with
enhanced sensitivity for measuring a quantum phase, but measurement back-action has
limited previous efforts to only modest improvements. Here we use a collective
measurement to produce and directly observe, with no background subtraction, an
entangled, spin-squeezed state with phase resolution improved in variance by a factor of
10.5(1.5), or 10.2(6) dB, compared to the initially unentangled ensemble of N = 4.8 x 105
87
Rb atoms [1]. The measurement uses a cavity-enhanced probe of an optical cycling
transition to mitigate back-action associated with state-changing transitions induced by
the probe. This work establishes collective measurements as a powerful technique for
generating entanglement for precision measurement.

[1] “Reduced back-action for phase sensitivity 10 times beyond the standard quantum
limit,” Justin G. Bohnet, Kevin C. Cox, Matthew A. Norcia, Joshua M. Weiner, Zilong
Chen, James K. Thompson, arxiv:1310.3177 (2013)
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Amplitude shaping in a phase-modulated
spectrum due to nonlinear effects
Jonathan Thompson1, Matt Springer1, Andrew Traverso1, Aleksei
Zheltikov1, Alexei Sokolov1, and Marlan O. Scully1,2,3
1

Texas A&M University, College Station, TX, 77843, USA
2
Princeton University, Princeton, NJ, 08544, USA
3
Baylor University, Waco, TX, 76798, USA

ABSTRACT
We present a method by which spectral phase modulation is converted into
amplitude modulation using femtosecond filamentation. Specifically, after the
pulse-shaped beam has undergone filamentation, we measure increased
intensity of spectral components whose phases were initially flipped. This
provides a way to obtain pulses with adjustable phase and amplitude using a
phase-only 4-f pulse shaper followed by a nonlinear medium. This also provides
a means whereby information which is encoded into spectral phase jumps may
be decoded into easily measured intensity spikes. 1–3

Figure: Forward emission spectra of a femtosecond filament (black) induced
by an unshaped laser pulse (red) compared to the forward emission of a
filament (blue) induced by a phase-modified pulse.
1. Warren, W. S., Wagner, W. & Ye, T. The prospects for high resolution optical brain imaging: the magnetic resonance
perspective. Magn. Reson. Imaging 21, 1225–1233 (2003).
2. Couairon, A. & Mysyrowicz, A. Femtosecond filamentation in transparent media. Phys. Rep. 441, 47–189 (2007).
3. Monmayrant, A., Weber, S. & Chatel, B. A newcomer’s guide to ultrashort pulse shaping and characterization. J. Phys. B
At. Mol. Opt. Phys. 43, 103001 (2010).
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Imaging of Ultrashort Pulses in the
Near-Filament Regime
M.M. Springer1 , B.D. Strycker1 , J.V. Thompson1 , G.W. Kattawar1 , and
A.V. Sokolov1
1 Texas

A&M University, College Station, TX, 77843, USA

Abstract
In this poster, we present a study of the dynamics of ultrashort pulses in the
regime between optical breakdown and filamentation. We show that by using a delayed
femtosecond laser pulse to image changes in the index of refraction due to another
pulse, we can obtain information about that pulse with a femtosecond time resolution.
More specifically, we show that in the optical breakdown regime, the femtosecond
pulse exhibits filament-like characteristics, namely, it is self-guided and it maintains a
minimum beam radius for distances much longer than the classical Rayleigh length.1

Figure: Time-resolved image of plasma generated by a femtosecond laser pulse focused by a
5 cm lens. The scale is in microns.1

1

M. Springer et al., “Time-Resolved Imaging of Ultrashort Pulses in the Near-Filament Regime”, in
Manuscript.
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This	
   talk	
   will	
   summarise	
   recent	
   work	
   on	
   cryogenically	
   cooled	
   low-‐loss	
   crystalline	
   Whispering	
  
Gallery	
   (WG)	
   mode	
   resonators	
   on	
   behalf	
   of	
   the	
   Frequency	
   and	
   Quantum	
   Metrology	
   Research	
  
group	
  at	
  the	
  University	
  of	
  Western	
  Australia	
  (UWA).	
  	
  
At	
   UWA	
   we	
   have	
   developed	
   the	
   use	
   of	
   cryogenically	
  
cooled	
   sapphire	
   crystals	
   operating	
   as	
   WG	
   mode	
  
dielectric	
   resonators	
   to	
   make	
   extremely	
   stable	
   and	
  
low-‐noise	
   frequency	
   sources	
   [1].	
   This	
   is	
   possible	
   due	
  
to	
  the	
  extremely	
  high	
  Q-‐factor	
  of	
  more	
  than	
  one	
  billion	
  
and	
  the	
  existence	
  of	
  residual	
  paramagnetic	
  impurities	
  
within	
   the	
   crystal	
   lattice,	
   which	
   supply	
   a	
   susceptibility	
  
that	
   acts	
   opposite	
   to	
   the	
   lattice	
   permittivity	
   to	
   annul	
  
the	
  frequency	
  temperature	
  characteristic	
  some	
  where	
  
between	
   5	
   to	
   10	
   K	
   [2].	
   We	
   will	
   present	
   our	
   latest	
  
results	
   related	
   to	
   high	
   stability	
   cryogenic	
   oscillators	
   as	
  
Figure	
  1.	
  Sapphire	
  WG	
  resonator,	
  with	
  
well	
  
as	
   results	
   of	
   precision	
   spectroscopy	
   of	
   impurity	
  
resonant	
  mode	
  outlined	
  in	
  red.	
  
ions	
  in	
  low-‐loss	
  crystalline	
  WG	
  mode	
  resonators.	
  	
  
First,	
  we	
  will	
  discuss	
  Cryogenic	
  Sapphire	
  Oscillators,	
  where	
  we	
  show	
  that	
  the	
  current	
  limit	
  to	
  the	
  
frequency	
  instability	
  of	
  10-‐16	
  is	
  due	
  to	
  radiation	
  pressure	
  induced	
  power	
  to	
  frequency	
  conversion	
  
of	
   the	
   WG	
   mode	
   resonator	
   itself	
   of	
   -‐0.15	
   Hz/mW	
   [3].	
   Second,	
   we	
   will	
   discuss	
   the	
   effect	
   of	
  
paramagnetic	
   impurities	
   in	
   sapphire	
   to;	
   1)	
   create	
   population	
   inversion	
   using	
   the	
   three-‐level	
   Fe3+	
  
ion	
  (concentration	
  of	
  10	
  ppb)	
  to	
  generate	
  a	
  stable	
  frequency	
  of	
  12	
  GHz	
  [4];	
  2)	
  non-‐linear	
  effects	
  
of	
  higher	
  concentrations	
  of	
  Fe3+	
  (of	
  >100	
  ppb),	
  which	
  includes	
  observation	
  of	
  four-‐wave	
  mixing	
  
[5]	
   and	
   the	
   generation	
   of	
   a	
   high-‐stability	
   frequency	
   comb	
   as	
   well	
   as	
   third	
   harmonic	
   generation	
  
[6];	
  3)	
  The	
  recent	
  discovery	
  of	
  population	
  inversion	
  and	
  masing	
  between	
  two	
  high-‐Q	
  WG	
  mode	
  
resonances	
  coupled	
  to	
  the	
  same	
  spin-‐bath	
  due	
  to	
  spin-‐spin	
  interactions	
  [7].	
  Finally,	
   using	
  hybrid	
  
WG	
   modes	
   and	
   Electron	
   Spin	
   Resonance	
   techniques,	
   interactions	
   between	
   photons	
   and	
  
paramagnetic	
   ions	
   in	
   crystalline	
   microwave	
   cavities	
   are	
   studied	
   [8].	
   Rigorous	
   spectroscopy	
   of	
  
single-‐crystal	
   sapphire	
   and	
   rare	
   earth	
   doped	
   YAG	
   and	
   YSO	
   was	
   performed	
   over	
   the	
   frequency	
  
range	
   of	
   8-‐19	
   GHz,	
   and	
   external	
   DC	
   magnetic	
   fields	
   of	
   up	
   to	
   1	
   Tesla.	
   Measurements	
   of	
   a	
   high	
  
purity	
   sapphire	
   reveal	
   the	
   presence	
   of	
   Fe3+,	
   Cr3+,	
   and	
   V2+	
   impurities,	
   with	
   quadrupole	
   and	
  
hyperfine	
   structure,	
   as	
   well	
   as	
   coupling	
   between	
   spins	
   and	
   photons	
   of	
   up	
   to	
   6MHz.	
   Also,	
   new	
  
transitions	
   in	
   Erbium	
   doped	
   YSO	
   crystals	
   are	
   observed	
   in	
   the	
   strong	
   coupling	
   regime	
   and	
   will	
   be	
  
presented	
  at	
  the	
  conference.	
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Mueller matrix coherent measurement with
non-separable classical light
Falk Töppel, Andrea Aiello, Christoph Marquardt, Elisabeth Giacobino and Gerd Leuchs
Max Planck Institute for the Science of Light, Erlangen, Germany, and
Universität Erlangen-Nürnberg, Erlangen, Germany

Quantum information theory shows that coherent measurements have the essential capability to
provide more information than incoherent ones, as emphasized by many authors [1, 2].
Exploiting the advantages of entanglement makes this possible. Several works based on the
concept of coherent measurements have appeared recently [3-5]. However, for the purpose of
such measurements, not all the features of quantum entanglement are necessary. For example
most coherent measurements require entanglement as primary resource, but not non-locality,
which is a different property [6].
Classical systems are known to obey the rules of locality. Nevertheless, some classical systems
show the remarkable feature of non-separability, that is “classical entanglement” between
different
degrees
of
freedom. In particular,
classical entanglement has
been demonstrated in
optical beams with nonuniform
polarization
patterns. Typical examples
are
the
so-called
cylindrically
polarized
beams of light [7, 8],
which can be represented
by linear superpositions of
transverse electroFigure 1. Polarization pattern of a radially polarized mode: Three decompositions of a the
radially polarized modes into fundamental polarization and spatial modes. By projections magnetic modes TEM10
on a certain spatial mode a certain polarization of the beam can be selected.
and TEM01 with different
linear polarizations. So the question arises: Can one also use the unique properties of nonseparable classical light to benefit from the advantages of coherent measurements?
This work demonstrates that classical entanglement in cylindrically polarized beams of light
permits achieving coherent measurement of the Mueller matrix of an optical element affecting
polarization. In principle, our method allows the Mueller matrix reconstruction from a single
shot, whereas conventionally four probe beams of different polarizations are required. This
example furnishes a clear proof of principle that tasks requiring entanglement but not nonlocality may be accomplished by using classical systems.
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]

N. Gisin, J. Mod. Opt. 48, 1397 (2001)
S. Massar. and S. Popescu, Phys. Rev. Lett. 74, 1259 (1995)
A. Aiello, and J. P. Woerdman, arXiv:0412061v3 [math-ph]
M. Legré M, M Wegmüller, and N. Gisin, Phys. Rev. Lett. 91, 167902 (2003)
N. Brunner, A. Acín, D. Collins, N. Gisin, and V. Scarani, Phys. Rev. Lett. 91, 180402 (2003)
N Brunner, N. Gisin, and V. Scarani, New J. Phys. 7, 88 (2005)
C. J. R. Sheppard, J. Opt. Soc. Am. A 17, 335 (2000)
A. Holleczek, A. Aiello, Ch. Gabriel, Ch. Marquardt, and G. Leuchs, Opt. Express 19, 9714 (2011)
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Towards Chip-based All-optical Microwave Synthesis
Kerry Vahala, California Institute of Technology, Pasadena, California

Photonic-based
generation
of
microwave signals has reached a point where
close-to-carrier phase noise levels rival the
highest-performance electronic sources (1).
Also, all-optical, compact microwave sources
are available commercially (2). It seems
possible that photonic sources will ultimately
replace high-performance electrical sources,
and one day be integrated with electrical
control circuits to create complex microwave
and millimeter-wave systems on a chip.
Photonics-based solutions address a critical
scaling problem in electronics, the increase of
attenuation with frequency. A second scaling
challenge, however, is to maintain low phase
noise in reduced form factor and even
	
  
integrated systems. On this front, photonics Optical micrograph showing a spiral
has made remarkable progress particularly in reference cavity designed to suppress
the area of resonant devices that provide large thermo-refractive noise (8).
storage time (high optical Q). Progress in
two areas is described here. In the first, high optical coherence Brillouin lasers on a chip
are discussed. Low phase noise microwave signal generation is described using these
devices. The use of fiber Brillouin lasers for microwave generation has lead to impressive
performance results (3,4) and the present work represents the first time this technique has
been transferred to a chip (5-7). Second, a novel spiral reference cavity with low,
thermo-refractive noise is described (8). The target application of this device is all-optical
synthesis of microwave radiation using optical frequency division (1) combined with
frequency microcombs (9).
(1) Fortier, T. et al. Generation of ultra stable microwaves via optical frequency division. Nat. Photon 5,
425 (2011).
(2) Maleki, L. Sources: the optoelectronic oscillator. Nat. Photon 5, 728–730 (2011).
(3) Yao, X. S. High-quality microwave signal generation by use of Brillouin scattering in optical fibers.
Opt. Lett. 22, 1329 (1997).
(4) Callahan, P. T., Gross, M. C. & Dennis, M. L. Frequency-independent phase noise in a dualwavelength Brillouin fiber laser, IEEE J. Quantum Electron. 47, 1142 (2011).
(5) Lee, H. et al. Chemically etched ultrahigh-Q wedge-resonator on a silicon chip. Nat. Photon 6, 369
(2012).
(6) Li, J. et al. Microwave synthesizer using an on-chip Brillouin oscillator. Nat. Commun. 4:2097 doi:
10.1038/ncomms3097 (2013).
(7) Li, J., Lee, H., Chen, T. & Vahala, K. , Characterization of a high coherence, Brillouin microcavity
laser on silicon. Opt. Express 20, 20170 (2012).
(8) Lee, H. et al. Spiral resonators for on-chip laser frequency stabilization. Nat. Commun. 4:2468 doi:
10.1038/ncomms3468 (2013).
(9) Kippenberg, T., Holzwarth, R. & Diddams, S. Microresonator-based optical frequency combs. Science
332, 555 (2011).
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Mathieu Equation Solutions for the Time Evolution of the
Envelope of the Superradiant Pulse in the Proposed
Quantum Amplification by Superradiant Emission of Radiation
Philip A. Vettera,b,c, Marlan O. Scullya,b,c
Princeton University, bBaylor University, and cTexas A&M University

a

The 2013 paper by A. Svidzinsky, L. Yuan, and M. O. Scully1 presents a novel theoretical
mechanism for a quantum amplifier based on collective superradiant emission. If this mechanism
were experimentally confirmed it could lead to, for example, the generation of XUV radiation
from an infrared driving field and applications in standoff detection. There is no violation of
energy conservation because the generated field is much weaker than the driving field. This
proposed mechanism presumes an ingenious suppression of the time-dependent Stark shift which
ordinarily arises from the driving field. With this proviso, it was argued that parametric
resonance between the driving field and collective superradiant oscillations of the atomic
polarization can yield light amplification at high frequencies.
Central to the derivation of this phenomenon is the function Ωs(t) describing the envelope of the
superradiant pulse. With suitable assumptions and approximations, the time evolution of Ωs is
given by:
̃a2 [1−δ̃ cos(2vt)]Ω s=0
Ω̈ s + Ω
This linear second order homogeneous differential equation is known as the Mathieu equation.
In my poster I present the possible solutions for this equation. There are periodic solutions for
special values of the constants. A consequence of the Floquet theorem are solutions which tend to
grow or decay exponentially. A connection is made between the Fourier and Bessel
representations of the solutions. In solutions with exponential increase, the sensitivity of the gain
to the fine-tuning of the driving frequency is explored.

Figure:
The behavior of
solutions as a
function of certain
quantities derived
from the equation
parameters.2

1

A. A. Svidzinsky, L. Yuan, and M. O. Scully, Quantum Amplification by Superradiant Emission
of Radiation, Phys. Rev. X 3, 041001 (2013).
2
Reproduced from fig. 5.4, p. 563,
P. M. Morse and H. Feshbach, Methods of Theoretical Physics, McGraw-Hill, New York, (1953).
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Portable Spectroscopic Tools for Agri-Bio-Photonics
Dmitri V. Voronine1, Rob Scully1, Laura Short1, Alston V. Thoms1, Zhe He1,2, Amitabh Joshi1, and Virgil Sanders1
1

Texas A&M University, College Station, TX 77843
Xi'an Jiaotong University, Xi'an, Shannxi, China 710049

2

Application of lasers to agriculture and bio-medical engineering offers advantages over traditional tools.
Modern optical techniques based on Raman spectroscopy are being used to monitor and analyze the
health of cattle, crops and their natural environment. These optical tools are now available to perform fast,
noninvasive analysis of live animals and plants in situ. New applications of handheld Raman
spectroscopy to identification and taxonomy of plants and trace analysis of food residue in actualistically
constructed and used earth ovens (Fig. 1) [1,2] will be demonstrated. Advantages and limitations of
current portable instruments will be discussed with suggestions for improved performance by applying
enhanced spectroscopic schemes.

Figure 1. (a) Onions, potatoes, carrots, rabbit, and gopher wrapped in a cloth and baked for 3.25 hours in an earth
oven. (b) Empty cloth after baked plant and animal foods have been removed. Handheld Raman spectrometer was
used to identify the food ingredients in (a) and (b) and can be used to perform food residue analysis of related
archeological and agricultural samples.

1. A. V. Thoms, Journal of Anthropological Archaeology 2008, 27, 443.
2. A. V. Thoms, Journal of Archaeological Science 2009, 36, 573.
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On the nature of surface-enhanced coherent Raman scattering
Dmitri V. Voronine1, Xia Hua1, Charles Ballmann1, Alexander M. Sinyukov1, Alexei V. Sokolov1, and
Marlan O. Scully1,2,3
1

Texas A&M University, College Station, TX 77843
2
Princeton University, Princeton, NJ 08544
3
Baylor University, Waco, TX 76798

Surface-enhanced coherent nonlinear optical signals can dramatically improve detection sensitivity of
various spectroscopic imaging techniques. Large enhancement factors (EFs) of many orders of magnitude
are expected for coherent Raman scattering of molecules in local fields of plasmonic nanostructures.
However, only small EFs, several orders of magnitude less than the predicted values, were up till now
experimentally observed. To understand this discrepancy we measured the spatial variation of the shape
of surface-enhanced coherent anti-Stokes Raman scattering (SECARS) spectra of pyridazine on randomly
aggregated gold nanoparticles. We developed a model to simulate the dependence of SECARS spectra on
the position and line width of the surface plasmon resonance, and attribute small (and even negative) EFs
to local destructive interference (Fig. 1). We report the first measurements of nanoscale phase effects in
SECARS, and propose strategies to increase EFs towards theoretical predictions. The new insight into the
nature of the surface-enhanced coherent Raman scattering can be used to design optimal plasmonic
nanostructures and laser pulse sequences for improved coherent spectroscopies [1 - 3].

Figure 1. Schematic picture of the surface-enhanced coherent Raman scattering process. Three ultrashort laser
pulses are focused on the sample of randomly aggregated gold nanoparticles on the surface of glass inducing
surface-enhanced coherent anti-Stokes Raman scattering (SECARS) signals from Raman active molecules in hot
spots of the nanoparticles. Different hot spots have different local phases which lead to different shapes of the
SECARS spectra. Averaging over several spots leads to destructive interference and decreases enhancement factors.
1. D. V. Voronine, et al. “Time-resolved surface-enhanced coherent sensing of nanoscale molecular complexes” Sci.
Rep. 2, 891 (2012).
2. M. O. Scully, et al. “FAST CARS: Engineering a laser spectroscopic technique for rapid identification of
bacterial spores,” Proc. Natl. Acad. Sci. USA 99, 10994 (2002).
3. D. Pestov, et al. “Optimizing the laser-pulse configuration for coherent Raman spectroscopy,” Science 316, 265
(2007).
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Dealing with Complexity on the Wasatch Front
John Walker
Texas A&M AgriLife Research, San Angelo, TX, USA
A sense of place includes the physical attributes
as well as the cultural values associated with a
geographic location. This sense of place creates an
emotional connection to the land and plays an
important role in decisions that affect the ecological
health of a place. Because place has been important
throughout history, I would like to provide the
participants of PQE2014 with a sense of this place
and its importance to the conservation of western
rangelands.
The discipline of rangeland ecology was
established as a result of the devastating effects of
overgrazing in the arid west. Overgrazing on the high
elevation summer grazing lands of the Wasatch
Mountains and the effect of that overgrazing on the adjacent valleys to the west was an impetus to the establishment
of rangeland ecology. The range cattle business was at its height on the Wasatch Front by 1880, and about this time
the sheep business also began to take foothold. A long struggle ensued between sheep men and cattlemen for access
to the forage resources of these high elevation rangelands. Because of this competition, tactics were employed by
both sides to oust their adversaries, which caused great damage to the range itself. However, the concern was not so
much for the condition of the rangelands but rather for the devastating floods in the valleys that resulted from the lack
of vegetation on the mountains. The Wasatch Plateau is where the first studies of the influence of range vegetation on
erosion and floods were made. This early research demonstrated the importance of herbaceous vegetation on the
hydrology of watersheds. Adequate vegetative cover will slow runoff and allow precipitation to be absorbed by the
soil.
Quantum physics has been employed in the study of rangeland ecology since its beginning, initially by the use of
photography, the development of which preceded the study of ecology by a few decades. Because of the complexity
and variability of ecosystems, ecologists have always been challenged with quantifying the structural and functional
attributes of these systems and have been eager adopters of technologies from other disciplines. Infrared gas analyzers
are used to measure carbon flux on ecosystems to determine how management decisions affect carbon sequestration.
Near-infrared spectrometers are used to measure many attributes of the biotic and abiotic components of ecosystems
from the soil organic carbon to the diets of free grazing herbivores. Like ecosystems, spectra in the near-infrared are
complex. Absorptions in the near-infrared region (780 – 2500 nm; 4000 – 12820 cm-1) by organic molecules are due
to overtones or combination bands primarily of O-H, C-H, N-H and C=O. Overtones can be thought of as harmonics
and represent whole integer multiples of the much stronger fundamental absorption frequencies found in the midinfrared region (2500 – 50,000 nm; 200 – 4000 cm-1). Combinations arise from the sharing of NIR energy between
two or more fundamental absorptions. Because NIR absorptions are not fundamentals longer path-lengths are possible
and special sample preparation is not necessary. However, overtones and combinations create complex NIR spectra
with broad absorption bands that are composed of multiple narrow, over-lapping absorptions. NIR spectra are much
more complex than they appear and were not useful until the advent of high-speed computers and multivariate
algorithms to convert complex spectra to useful information. Stay for the entire conference for an increased
appreciation of the complexity of life, ecosystems, and how to make meaning from noise.
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Heisenberg Limit Superradiant Super-resolving Metrology
Da-Wei Wang and Marlan O. Scully
Texas A&M University, Texas, 77843, USA

We propose a superradiant metrology scheme to achieve Heisenberg limit super-resolving
displacement measurement by encoding multiple light momenta into a three-level atomic ensemble.
We use 2N coherent pulses to prepare a single excitation superradiant state in a superposition of two
timed Dicke states [1] that are 4N light momenta apart in the momentum space (Fig.1). The phase
difference between these two states induced by a uniform displacement of the atomic ensemble has
1/4N sensitivity. Experiments are proposed in crystal and in ultracold atoms.
The basic mechanism is shown in Fig.1. We first prepare a collection of three-level atoms
(ground state c , excited state b

and auxiliary state a ) in a single-photon superradiant state

b0 where we define bk  N 1/ 2  j e
superposition of b0 and a0 . Then

ik r j

c1 , c2  b j  cN . A  / 4 -pulse splits it into an equal

 -pulses with momentum k1 (represented by unitary

transformation U1 ) and k 2  k 1 ( U 2 ) alternatively drive the system to a superposition of b2 Nk1
and a2 Nk1 . A displacement r0 attaches opposite phases to these two states and a reverse operation
can retrieve this phase as a population difference P  Pb  Pa   cos  4 Nk 1  r0  . In Fig. 2, we
draw P for N=16 (black) and 32 (red) where the fluctuations come from the imperfections of the
pulses in phase and in amplitude.

Fig.1

Fig.2

[1] Scully, M. O., Fry, E. S., Ooi, C. H. R., and Wodkiewicz, K. Physical Review Letters 96, 010501 (2006).
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High-frequency Light Reflector via Low-frequency Light Control
Da-Wei Wang1, Shi-Yao Zhu2, Jörg Evers3 and Marlan O. Scully1,4
1

Texas A&M University, College Station, TX 77843, USA
Beijing Computational Science Research Centre, Beijing 100084, China
3
Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany
4
Baylor University, Waco, TX 76706, USA
2

We show that the momentum of light can be reversed via the atomic coherence created by
another light with one or two orders of magnitude lower frequency [1]. Both the backward retrieval of
single photons from a timed Dicke state (Fig. 1) and the reflection of continuous waves by high-order
photonic band gaps are analyzed (Fig. 2). A proof-of-principle experiment with thermal 85Rb vapor is
proposed based on presently available techniques (Fig. 3). This holds promise for X-ray reflectors
controlled by low-frequency light.

Fig.1 Single photon backward
retrieve of the timed Dicke state

Fig.2 Reflectivity due to the nth order
photonic bandgap in cold atoms

Fig.3 Reflectivity due to the 37th order photonic bandgap in hot Rb atoms

[1] Da-Wei Wang, Shi-Yao Zhu, Jörg Evers, Marlan O. Scully, arXiv:1305.3636 [physics.optics] (2013).
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Ultrafast Waveforms Synthesis Using Coherent Raman
Sidebands in a Reflection Scheme
Kai Wang, Miaochan Zhi, Xia Hua, Alexei V. Sokolov
Institute for Quantum Science and Engineering,
Department of Physics and Astronomy, Texas A&M University, College Station,
TX, USA, 77843-4242
Coherent Raman sidebands generated from a Raman-active medium have the
potential to serve as a source of single cycle pulses [1]. We propose a reflection
scheme to synthesize ultrafast waveforms using the sidebands generated in a
Raman-active crystal. We refocus the generated coherent Raman sidebands and the
driving pulses back to the same crystal by using two spherical mirrors (Fig. 1). The
nonlinear interactions between the sidebands and the driving pulses enable us to
characterize the relative spectral phase among the sidebands. Furthermore, with the
assistance of the micro-electro-mechanical systems (MEMS) deformable mirror, we
demonstrate the capability of our setup to control the phase and thereby synthesize
ultrafast waveforms.

Figure 1. Schematics of a pulse characterization setup.

Left: Two spherical mirrors with 10 cm focal

length re-focus the sidebands to the crystal. Deformable mirror (Boston Micromachines co.) is inserted
into one of the beam path for fine phase adjustment.

Right: Interferometric spectrogram for high

order sidebands (AS3 to AS7) as function of the delay relative to the driving pulses.
[1] Miaochan Zhi, Alexei V. Sokolov, Toward Single-Cycle Pulse Generation in Raman-Active
Crystals, Selected topics in Quantum Electronics, IEEE Journal of, 18, 460-466 (2012)
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Amplification of high frequency light in nonlinear metamaterials
Luojia Wang1,2, Anatoly Svidzinsky1,3, Xiwen Zhang1 and Marlan Scully1,2,3
1

Texas A&M University, 2Baylor University and 3Princeton University

Study of parametric processes in electronic circuits in 1950’s revealed that modulation of the circuit
parameters at frequency can yield excitation of two circuit normal modes of lower frequencies
and
obeying the relation [1]

This is known as the sum combination resonance. These days such resonance is widely used in optical
parametric oscillators (OPOs) for generation of light waves at frequencies
and
by pumping
nonlinear crystals with intense light at frequency . Recently proposed QASER [2], in contrast to
OPO, generates light at higher frequencies than
and operates at the difference combination
resonance [see Fig. 1(a)]

Here we study possibility of generation of higher frequencies in nonlinear medium using the QASER
mechanism. We found that the difference combination resonance occurs in nonlinear metamaterials
which have opposite signs of the refractive index at frequencies
and
yielding field grow

| |√

(

√

)

(

√

)

However, negative refractive index is not required if material is spatially nonuniform. For example,
we found that the difference combination resonance can occur in a metamaterial sketched in Fig.
1(b). Such metamaterial is not magnetic and, thus, its manufacturing is easier.

Figure 1. (a) Schematic of OPO and QASER. (b) Model of metamaterial composed of nonmagnetic
spheres which have negative 𝜀 over some frequency range and nonlinear electric polarizability.
[1] H. Heffner and G. Wade, J. Appl. Phys. 29, 1321 (1958).
[2] A.A. Svidzinsky, L. Yuan and M.O. Scully, Phys. Rev. X 3, 041001 (2013).
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Photoacoustic Spectrum Analysis of Tissue Texture
Xueding Wang, Guan Xu, Zhuo-Xian Meng, Jiandie D. Lin, and Paul Carson
University of Michigan School of Medicine, Ann Arbor, Michigan

Photoacoustic (PA) imaging is an emerging technology that could map the functional contrasts in
deep biological tissues in high resolution by “listening” to the laser induced thermoelastic waves.
Almost all of the current studies in PA imaging are focused on the intensity of the PA signals as an
indication of the optical absorbance of the biological tissues. Our group has for the first time
demonstrated that the frequency domain power distribution of the broadband PA signals encode the
texture information within the regions-of-interest (ROI). Following the similar method of
ultrasound spectral analysis (USSA), photoacoustic spectrum analysis (PASA) could evaluate the
relative concentrations and, more importantly, the dimensions of microstructures of the optically
absorbing materials in biological tissues, including lipid, collagen, water and hemoglobin. By
providing valuable insights into tissue pathology, PASA should benefit basic research and clinical
management of many diseases, and may help achieve eventual “noninvasive biopsy”.
In this work, taking advantage of the
optical absorption contrasts contributed by
lipid and hemoglobin at 1200-nm and
532-nm wavelengths respectively, we
investigated the capability of PASA in
identifying
histological
changes
corresponding to fat accumulation livers
through the study on ex vivo and in situ
mouse models. The PA signals from the
mouse livers were acquired using our PA
and US dual-modality imaging system, and
analyzed in the frequency domain. After
quantifying the power spectrum by fitting it
to a first order model, three spectral
parameters, including the intercept, the
midband fit and the slope, were extracted
and used to differentiate fatty livers from
normal livers.
As an example result
shown in Fig. 1, the first column gives the Fig. 1. PASA of normal vs. fatty mouse liver in situ. PASA parameters at
US images from the fatty and the normal 1200 nm, including the intercept, the midband fit and the slope of the
mouse livers in situ. The second to the normal liver tissue have lower values than those of the fatty one. At 532
nm, the normal liver tissue shows higher intercept and midband fit
fourth columns demonstrate the intercept,
values but lower slope values.
the midband fit and the slope values within
the ROIs superimposed on the US images. The comparison between the PASA parameters from
the normal and the fatty livers supports our hypotheses that PASA can quantitatively identify the
microstructure changes in liver tissues for differentiating normal and fatty livers. This result also
indicates that, compared to the hemoglobin absorption peak at 532 nm, the vibrational absorption
peak of lipid at 1200 nm could facilitate more reliable diagnosis of fatty liver.
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Broadband spectrum generation using continuous-wave molecular modulation
Joshua J. Weber and Deniz D. Yavuz
Department of Physics, 1150 University Avenue, University of Wisconsin, Madison, WI, 53706
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Since the invention of the laser in 1960, optical scientists have sought to develop light sources
capable of generating coherent optical spectra covering the infrared, visible, and ultraviolet spectral
regions. Broadband sources are of particular interest because they have applications in a wide range
of research areas including ultrafast physics, precision spectroscopy, and quantum control. In this
work, we report an experiment that we see as the first step in extending the molecular modulation
technique into the CW domain [1]. By using low-pressure molecular deuterium inside a high-finesse
cavity, we produce a broad CW ro-vibrational spectrum that is two octaves wide, ranging from
0.8 µm to 3.2 µm in wavelength [2].
We perform our experiments inside a cavity with a high finesse near the pump (1.06 µm) and
vibrational-Stokes (1.55 µm) wavelengths. Figure 1 shows the ro-vibrational spectrum generated at
a deuterium pressure of 0.1 atm. The 0.8-1.65 µm region is observed on an optical spectrum analyzer
in a single scan, and the two-mid-infrared sidebands (2.9 µm and 3.2 µm) are measured using a
PbSe photo-diode. The insets show optical heterodyne linewidth measurements for the 1.06 µm and
1.6 µm beams, which demonstrate absolute linewidths of 11 kHz and 28 kHz, respectively. When
the pump laser at 1.06 µm is locked to the cavity, the vibrational Stokes sideband at 1.55 µm on
the |ν = 0, J = 0i → |ν = 1, J = 0i transition is generated through Raman lasing. The pump and
the generated Stokes beams drive the coherence and produce the vibrational anti-Stokes (0.8 µm)
and second Stokes (2.9 µm) sidebands through four-wave mixing. The mirrors do not have high
reflectivity near 0.8 µm nor in the mid-infrared. As a result, the vibrational anti-Stokes and second
Stokes sidebands are generated in a single pass through the cavity. In addition to vibrational
Raman generation, we observe rotational Raman lasing on the |ν = 0, J = 0i → |ν = 0, J = 2i
transition, producing the broad ro-vibrational spectrum of Fig. 1.
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References
[1] A. V. Sokolov et al., J. Mod. Opt. 52, 285 (2005).
[2] J. J. Weber and D. D. Yavuz, Opt. Lett. 38, 2449 (2013).
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Entangled Photon Pairs from Semiconductors
Gregor Weihs,1,2 Thomas Günthner, 1 Rolf Horn, 2 Amr Helmy, 3 Tobias Huber, 1 Harishankar Jayakumar, 1
Thomas Jennewein, 2 Thomas Kauten, 1 Piotr Kolenderski, 2 Kaisa Laiho, 1 Ana Predojević, 1 Benedikt Pressl1
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Institut für Experimentalphysik, Universität Innsbruck, Technikerstr. 25, 6020 Innsbruck, Austria
Institute for Quantum Computing, University of Waterloo, 200 University Ave W, Waterloo, ON N2L 3G1, Canada
The Edward S. Rogers Sr. Department of Electrical and Computer Engineering, University of Toronto, 10 King’s
College Road, Toronto, ON M5S 3G4, Canada

For fundamental tests of quantum physics as
well as for quantum communications nonclassical states of light are an important tool. In
our research we focus on developing semiconductor-based and integrated sources of single
photons and entangled photon pairs. We will
present two complementary lines of work toward this goal.

The first line is targeting a room-temperature
quantum optics lab on a III-V semiconductor
chip. As a first step we demonstrate efficient
photon pair generation in an AlGaAs Braggreflection waveguide. Spontaneous parametric
down-conversion creates photon pairs at telecommunication wavelengths [1]. The various
phase-matching solutions present in our device
can be used to create time-bin or polarization
entanglement [2]. In combination with whispering-gallery-mode lasers this approach can to lead
to a fully integrated photon pair source with the
pump laser, active and passive optical devices all
on a single semiconductor chip.

In our second approach we use resonant twophoton excitation of a single InAs/GaAs quantum
dot to deterministically trigger a biexcitonexciton cascade. We block the pump light from
the detectors by using side excitation through
the waveguide mode of a planar microcavity (see
Figure 1). We demonstrate Rabi oscillations,
Ramsey interference and all-optical coherent
control of the quantum dot resulting in single
and paired photons with a high degree of indistinguishability. This indistinguishability results
in time-bin entangled photon pairs through the
biexciton-exciton cascade.

Time-bin entanglement is a useful variant for
long distance communication because it is robust
against decoherence in optical fibers. Two successive coherent pulses excite the dot either in
the early or in the late pulse. The emitted photons pass imbalanced interferometers for analysis in the energy basis. Through quantum state
tomography we are able to demonstrate significant entanglement of the emitted pairs.

Figure 1: A single InAs quantum dot is coherently excited from the side. The emitted single photons and photon pairs are collected by a microscope objective
through the top mirror of the planar microcavity that
contains a layer of self-assembled quantum dots.

The two sources we present are complementary
in that the first gives us a possibility to produce
entanglement on a chip at room temperature,
whereas the second one has the potential to become a source of single entangled photon pairs
suitable for use in quantum repeaters.

This work was supported by the ERC, NSERC,
Ontario Ministry of Research and Innovation,
CIFAR, Industry Canada, CFI, and CMC.

[1] R. T. Horn, P. Abolghasem, B. J. Bijlani, D. Kang, A. S. Helmy & G. Weihs, Monolithic Source of Photon Pairs,
Phys. Rev. Lett. 108, 153605 (2012).
[2] R. T. Horn, P. Kolenderski, D. Kang, P. Abolghasem, C. Scarcella, et al., Inherent polarization entanglement generated from a monolithic semiconductor chip, Sci. Rep. 3, 2314 (2013)
[3] H. Jayakumar, A. Predojević, T. Huber, T. Kauten, G. S. Solomon & G. Weihs, Deterministic Photon Pairs and Coherent Optical Control of a Single Quantum Dot, Phys. Rev. Lett. 110, 135505 (2013).
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Temporal Cloaking at Telecommunications Rates
Andrew M. Weiner, Joseph M. Lukens, and Daniel E. Leaird
Purdue University, West Lafayette, Indiana

Thanks to seminal advances in metamaterials, substantial progress in demonstrating
cloaks of invisibility, once confined to science fiction, has been reported by numerous
laboratories. Such cloaks guide light around a region in space, ideally leaving any object in the
cloaked region undetectable and leaving the probing light itself undisturbed. A recent proposal
suggested extending such research in metamaterial-based spatial cloaks into the time domain [1].
Drawing on the formal mathematical equivalence between paraxial diffraction and narrowband
dispersion, investigators soon thereafter demonstrated a first such temporal cloak which hides
events in time by creating a temporal gap in a probe beam that is subsequently closed up [2].
However, because this cloak exploited a split-time lens created using nonlinear optical phase
modulation, the high power of an amplified femtosecond laser was required, limiting the cloak to
isolated events at a repetition rate of 41 KHz with a fractional cloaking window of only 1 part in
106.
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Examples of temporal cloaking. Pseudorandom data (left) and specific data
(right) data at 12.7 Gb/sec, with and without cloaking.

In our laboratory we have exploited commercial integrated phase modulators in
conjunction with dispersive propagation to demonstrate an alternative technique for temporal
cloaking which operates at low power and at telecommunication data rates. We succeed in
cloaking 46% of the entire time axis and conceal digital data at 12.7 Gb/s, a rate compatible with
modern optical communications. In this talk we will discuss the temporal cloaking experiments
and explain how our scheme draws on the related concepts of optoelectronic frequency comb
generation and the temporal Talbot effect.
1. M.W. McCall, A. Favaro, P. Kinsler, and A. Boardman, “A spacetime cloak, or a history editor,” J. Opt.
13, 024003 (2011).
2. M. Fridman, A. Farsi, Y. Okawachi, and A.L. Gaeta,”Demonstration of temporal cloaking,” Nature 481,
62-65 (2012).
3. J.M. Lukens, D. E. Leaird, and A.M. Weiner, "A temporal cloak at telecommunication data rate,"
Nature 498, 205-208 (2013).
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Superfocusing light down to tens of nanometers in Fresnel near field
Jianming Wen, Liang Jiang, Yong Zhang and Min Xiao
Department of Applied Physics, Yale University, USA, and National Laboratory of Solid State Microstructures, College
of Engineering and Applied Sciences, Nanjing University, China

Focusing a light beam into an extremely small spot with a high energy density plays an essential role in a
variety of key technologies for miniaturized structures including lithography, laser material nanoprocessing
and nanophotonics, and superresolution imaging. Because of wave nature of light, however, Abbe discovered
that diffraction prohibits the visualization of features smaller than half of the wavelength of light (also known
as the Rayleigh diffraction limit) with optical instruments. Since then, research on overcoming the AbbeRayleigh diffraction limit has become an energetic topic. Here, we report a simple, novel subwavelength
⁄
focusing method, diffraction interference induced superfocusing, to achieve focused size down to
without involving evanescent waves or subwavelength structures [1], in light of Toraldo Di Francia’s seminal
work in 1952 [2] that a pupil design provides an accurately tailored subdiffracted spot using a series of
concentric apertures with different phases. We experimentally obtained optical subdiffraction by exploiting
phases and amplitudes of second-harmonic (SH) fields generated from periodically poled LiTaO3 (PPLT)
crystals (Figs. 1 and 2). The poling inversion (typically with µm periods) makes the SH waves generated in
negative domains possess a -phase shift relative to those in positive domains. Destructive interference
between these two waves in Fresnel near field region shrinks the point spread functions with subwavelength
focused size, resembling a similar idea as pioneered in [2]. In our series of experiments, supersqueezed SH
spots can be observed over 100µm distance. As shown in Fig. 1, typical subdiffracted focuses with a squarely
poled PPLT crystal are recorded with FWHM of 106nm and 168nm for
nm at propagation
distances of 27.5µm and 133.4µm, respectively. To remove the background noise, with use of a concentric
ring design, we successfully observed superfocuses with sizes of 30nm and 90nm at free-space propagation
distances of 17.8µm and 54.5µm (Fig. 2), respectively. The band-limited SH signals due to phase matching
also allow an alternative interpretation of the experimental results in terms of superoscillations [3]. Our
demonstrations show the superfocusing capability using periodically poled nonlinear crystals to beat the
diffraction limit. Of importance, the scheme opens new avenues for single-molecule sensing,
nanolithography, and nanoscale imaging. Therefore, our investigation can potentially have a wide range of
applications including subwavelength non-invasive imaging and focus devices.

Figs. 1 (left) and 2 (right) Diffraction interference induced superfocusing with PPLT crystals in the Fresnel near field.
[1] D. Liu et al., Diffraction interference induced superfocusing in nonlinear Talbot effect, arXiv: 1304.2556.
[2] G. Toraldo di Francia, Super gain antennas and optical resolving power, Nuovo Cimento Suppl. 9, 426 (1952)
[3] E. Rogers et al., A super-oscillatory lens optical microscope for subwavelength imaging, Nature Mat. 11, 432 (2012).
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Near Field Opto-Mechanics and Detecting Optical Resonance
H. Kumar Wickramasinghe,
Department of Electrical Engineering and Computer Science
Department of Chemical Engineering and Materials Science
Department of Biomedical Engineering
University of California, Irvine, CA 92697
hkwick@uci.edu
We show that the atomic force microscope can be used to perform nanoscale spectroscopy
and microscopy by directly detecting near field optical forces. The force and force gradient
modulation on a AFM tip can be translated to a cantilever vibration and detected using the
standard AFM optical detection technology. In initial experiments our system was used to
detect electronic resonances of single molecules and record their images. The technique can
also be used to directly map near field electromagnetic field distributions at nanometer
resolution.
In standard Raman spectroscopy, the Raman effect is observed by irradiating a sample with
an intense light source and detecting the minute amount of frequency shifted, scattered, light.
We demonstrate that Raman molecular vibrational resonances can also be detected directly
through a mechanical near field force measurement. We create a force interaction through
optical interaction between stimulated, Raman excited, molecules on a surface and a
cantilevered nanometer scale probe tip brought very close to it. Spectroscopy and microscopy
on clusters of molecules have been performed. What appears to be single molecules within
such clusters are clearly resolved in the Raman micrographs.
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Coupled Plasmons and Excitons in Nanostructures: Opportunities for Enhanced
Light Harvesting and Energy Conversion
Gary P. Wiederrecht
Center for Nanoscale Materials, Argonne National Laboratory,
9700 South Cass Avenue, Argonne, IL 60439
The confinement and enhancement of electromagnetic fields near the surface of plasmonic metal
nanostructures when illuminated presents opportunities for enhancing photoinduced processes that are
relevant to solar light harvesting and energy conversion. Goals include enhanced absorption or increased
quantum yields of charge separation when molecules or quantum dots are placed within the optical nearfield of the metallic structures. The challenge, however, is to overcome the well-known losses of metals
and associated quenching processes of photoexcited molecules or quantum dots placed within the optical
near-field, so that the metals provide a net advantage for improving light harvesting and charge
separation. This requires careful choices of materials, as well as engineering of the nanostructures and the
spacing between the active charge separation material and the metal.
In this talk, I describe two recent approaches for enhancing photoprocesses of semiconductor
nanomaterials near metal nanostructures. The first involves the creation of distance-engineered, plasmonenhanced photon absorption by CdSe quantum dots near silver nanoparticles (Figure 1).[1] Importantly,
this is achieved without altering the exciton lifetime of the quantum dots, meaning that quenching effects
are largely avoided. The approach involves characterizing emission enhancement and lifetimes as a
function of QD-metal spacing using using atomic layer deposition
of an inert spacer material (Al2O3) with sub-nm thickness control.
In the second approach, a new form of planarized dye-sensitized
solar cell (DSSC) that utilizes cavity-mode enhancement to
produce record photovoltage and high internal photon to current
efficiency (IPCE) is described.[2] In this work, a planarized cavitymode scheme is used to demonstrate thin-film DSSCs with an
incident photon to current efficiency of 17% from a single
monolayer of a conventional Ruthenium-based dye. Over a narrow
illumination angle range, open-circuit voltages that reach 1 V are
Figure 1. Schematic of distancereached, and thereby approach the theoretical limit for open-circuit
dependent plasmon-enhanced
voltage set by the dye and redox shuttle energy levels. This work
fluorescence from quantum dots.
was supported as part of the ANSER Center, an Energy Frontier
Research Center funded by the U.S. Department of Energy, Office
of Science, Office of Basic Energy Sciences, under Award Number DE-SC0001059. Use of the Center for
Nanoscale Materials, was supported by the U.S. Department of Energy, Office of Science, Office of Basic
Energy Sciences under Contract No. DE-AC02-06CH11357.
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Super-resolution imaging of plasmonic nanostructures
Katherine A. (Kallie) Willets
Department of Chemistry
University of Texas at Austin
Austin, TX 78712
Noble metal nanoparticles have attracted significant interest due to their ability to
support localized surface plasmons, which generate significant electromagnetic field
enhancements at the nanoparticle surface. When molecules enter these enhanced
local fields, their spectroscopic signatures (such as Raman or fluorescence) can be
enhanced by orders of magnitude. Unfortunately, both the size of the nanoparticles (10100 nm length scale) and the size of the molecules (1-10 nm length scale) are well
below the resolution limit of far field microscopy, which is dictated by the diffraction limit
of light. This talk will describe the use of super-resolution optical imaging to defeat the
diffraction limit of light and characterize molecule-nanoparticle interactions on the <5 nm
length scale. In super-resolution optical imaging, a diffraction-limited spot is fit to some
model function, such as a 2-dimensional Gaussian or a (multi) dipole emitter, in order to
extract the centroid, or location of the emission. By applying this technique to plasmonmediated emission processes, such as surface-enhanced Raman scattering (SERS),
we can learn about the local interactions between the emitter and the nanoparticle
surface, generating insight into how electromagnetic fields are locally enhanced (as in
the figure below which shows how the SERS intensity changes as a function of
molecule location) and how the properties of the emitting molecule are influenced by the
nearby nanostructure (and vice versa).
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Glioblasto
oma multiforme
e (GBM) is by fa
ar the most com
mmon and mallignant tumor a
among adult bra
ain tumors. GB
BM are
diffusely infiltra
ative, characterrized by indistin
nguishable borrders and invassion of adjacen
nt normal brain tissue. Severa
al
histopathology
y series have demonstrated th
he presence off infiltrating glio
oma cells within
n and usually b
beyond a 2 cm margin
indicated in the
e MRI scans, which
w
argues sttrongly that it is
s important to ccontrol brain ca
ancer at the ma
argin.
Surgery is
s the first-line of
o treatment for the management of GBM folllowed by conccurrent radiation
n and chemoth
herapy
with the alkylatting drug temozolomide. Com
mplete surgical reduction is crrucial since it ha
as been shown
n to prolong survival.
However, surg
gical procedure
e in GBM repres
sents a great challenge
c
as it iis impossible to
o identify invassive microscopic cancer
beyond the cancer mass. Mo
odern medical imaging methods have neithe
er the sensitivityy nor the spatia
al resolution re
equired to
detect microsc
copic cancer be
ecause the can
ncer-cells infiltra
ated region con
nsists primarilyy of healthy bra
ain tissue. Opticcal
endomicroscop
py can fill this gap
g by enabling detection of microscopic
m
inffiltrative cancer cells that whicch will translate
e to a
more complete
e surgical resec
ction and will likely improve patient
p
survival..
To improv
ve detection of infiltrative micrroscopic GBM cancer
c
during ssurgery, we pro
opose to label the infiltrative ccancer
cells in vivo with fluorescent oncolytic
o
virus and detect the
em with fluoresccence endomiccroscopy. Thiss approach req
quires
genetically eng
gineered oncolytic viruses witth fluorescent expressing
e
gen
ne, which is eco
onomically feassible to producce
biologically tha
an producing molecular
m
imaging probe with expensive
e
sop histicated chem
mistry.
We demonstrated th
his idea by usin
ng a highly spe
ecific tumor see
eking GFP expressing virus, S
Seneca Valley Virus
(SVV-GFP). We
W tested the fe
easibility of this
s approach in tw
wo permissive pediatric GBM
M (IC-3704GBM
M, IC1406GBM)) and an
adult GBM (IC-A46GBM) orth
hotopic xenogrraft mouse mod
dels. All these m
models were d
derived from priimary tissue off GBM
from patients to
t preserve the
e histopathologiical and immun
nophenotypicall characteristicss of the origina
al tumors. Afterr
establishing th
he xenograft tum
mors, SVV-GFP was injected intravenously at a dose of 5xx1014 viral partticles/kg. The a
animals
were imaged at
a day 3 after SVV-GFP
S
virus injection.
Durin
ng the imaging procedure, the
e animals were euthanized thrrough anesthessia overdose a
and a small window was
immediately drrilled in the sku
ull to introduce a 1mm outer diameter
d
fiberop
ptic fluorescence probe throu
ugh the tumor.
Fluorescent labeled cells werre recorded as a real-time vid
deo sequence a
along the trackk of the probe. W
We are able to
o see
individual tumo
or cell clearly in
n all these mod
dels.
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Novel resonance technique with sub-coherence-lifetime limited linewidth and
(possible) relation to weak measurement
Pengxiong Li1, Lei Feng1, Jian Sun1, Mengzhen Zhang1, Tun Wang2， Jianming Wen3,
Liang Jiang3 and Yanhong Xiao1
1

Fudan University, Shanghai 200433, China
Institute of Care-life, Chengdu 610041, China
3
Yale University, New Haven, Connecticut 06511, USA
2

We demonstrate a novel approach to obtain a resonance linewidth far below the coherence
lifetime limit. The second-order cross-correlation between the induced intensity fluctuations of
two lasers forming an Electromagnetically Induced Transparency (EIT) resonance has a transition
from 1 to -1, as the EIT resonance conditioned is removed [1]. We found that such a transition
has a linewidth much smaller than the zero-power EIT linewidth [2]. In a proof-of-principle
experiment where the EIT linewidth was limited by transit broadening and where intensity
fluctuations in the two EIT fields were converted from laser frequency modulations, we achieved
1/30 of the transit-limited width [2] (Fig.1). In a paraffin-coated vapor cell system where the EIT
linewdith was limited by residual magnetic field inhomogeneity induced broadening, we achieved
a linewidth of 0.8 Hz, about 1/40 of the zero-power EIT width. We also compared the frequency
resolving power of this method to that of EIT, and found an improvement factor of about four.
An enlarged advantage of this method over traditional ones on resolving power is expected with
further reduction of the residual amplitude modulation in the laser and other technical noises. The
fundamental limit of the linewidth of this method is laser shot noise. Linewidth below the
coherence-lifetime-limit can also be obtained using lasers that only have intrinsic random phase
noises [3]. Furthermore, we investigated the multi-peak resolving capability of our technique and
found better contrast than traditional resonance method. All the above experimental results
qualitatively agree with our intuitive analytical model and numerical calculations. Our recent
study on higher-order intensity correlations has shown even narrower linewidth, which exhibits a
strong analogue to the high-order ghost imaging experiment [4]. Finally, we suggest that our
approach might be viewed as a generalized form of weak measurement.
Fig.1 ac transmitted signals of the two
balanced EIT fields (blue and red) for
(a) two-photon detuning = 0 and (b)
two-photon detuning = 15 kHz. (c)
An example of the cross-correlation
resonance spectrum with FWHM of
2.4 kHz, about 1/30 of the transit
limited width 75 kHz.

This technique can be easily implemented and should be applicable to many atomic, molecular,
and solid state spin systems for spectroscopy, metrology, and resonance-based sensing and
imaging.
[1] V. A. Sautenkov, Y. V. Rostovtsev, and M. O. Scully, Phys. Rev. A 72, 065801 (2005).
[2] L. Feng, P. Li, L. Jiang, J. Wen, and Y. Xiao, Phys. Rev. Lett. 109, 233006 (2012).
[3] L. Feng, P. Li, M. zhang, T. wang, and Y. Xiao, Phys. Rev. A, accepted. arXiv:1303.1602
[4] X. Chen, I. Agafonov, K. Luo, Q. Liu, R. Xian, M. Chekhova, and L. Wu, Opt. Lett. 35, 1166 (2010).
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Deep Brain Imaging with Multiphoton Microscopy
Chris Xu

School of Applied and Engineering Physics, Cornell University, Ithaca, NY, 14853, USA

Over the last two decades, multiphoton microscopy has created a renaissance in the brain
imaging community. It has changed how we visualize neurons by providing high-resolution,
non-invasive imaging capability deep within intact brain tissue. Multiphoton imaging will likely
play an essential role in understanding how the brain works at the level of neural circuits, which
will provide a bridge between microscopic interactions at the neuronal level and the macroscopic
structures that perform complex computations.
In this talk, the fundamental challenges of deep tissue, high-resolution optical imaging
are discussed. New technologies for in vivo imaging of mouse brain using megawatt
femtosecond pulses and three-photon microscopy (3PM) at the 1700 nm spectral window will be
presented. We will discuss the requirements for imaging the dynamic neuronal activity at the
cellular level over a large area and depth in awake and behaving animals. Finally, we will
speculate on the possible future directions to further improve the imaging depth and speed in
biological tissues.
Fig 1. left: A sagittal plane of
the mouse brain. The dashed red
box indicates the area where in
vivo imaging was performed.
3PM is capable of reaching the
Cornu Ammoni (CA1) of the
mouse hippocampus which is
lined with the stratum oriens
(SO), stratum pyramidale (SP),
and stratum radiatum (SR) cell
layers. Right: 1700-nm 3PM of
the red fluorescent protein
labeled mouse brain in vivo,
showing
neurons
in
the
hippocampus. The scale bar is
50
µm.
Third
harmonic
generation (THG) imaging of
the myelinated axons delineates
the boundary of the white
matter.
1.Kobat, D., M.E. Durst, N. Nishimura, A.W. Wong, C.B. Schaffer and C. Xu, Opt. Express,
2009. 17, 13354.
2. Kobat, D., N.G. Horton and C. Xu, J. Biomed. Opt., 2011. 16, 106014.
3. Wang, K. and C. Xu, Appl. Phys. Lett., 99, 071112, 2011.
4. Horton, N.G., K. Wang, D. Kobat, C. Clark, F. Wise, C. Schaffer, and C. Xu, Nature Photon.,
2013. 7, 205 (2013)
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Ultrasensitive absorption and ultrasentive and simple Raman
measurements for biomedical optical spectroscopy and sensing
Joel N. Bixler1, Michael Cone2, Ellie Figueroa2, Edward S. Fry2, Brett H. Hokr2, John D.
Mason2, Vladislav V. Yakovlev1,2
1

Department of Biomedical Engineering, Texas A&M University, College Station, TX 77843, USA
Department of Physics and Astronomy, Texas A&M University, College Station, TX 77843, USA

2

Phone: 979-458-2326, Fax: 979-847-8654, Email: yakovlev@tamu.edu

Abstract: An integrated cavity is employed to perform absorption spectral measurements
in highly scattering materials and to dramatically enhance the sensitivity of Raman and
fluorescence measurements.
Biological optical spectroscopy and sensing (BOSS) is striving to achieve high sensitivity measurements
of absorption, fluorescence and Raman spectra of biological objects, which also possess strong scattering
properties, making it difficult to separate different contributions and perform accurate measurements. In
this report, we introduce a novel approach to carry out ultrasensitive absorption (USA) and ultrasensitive
and simple Raman (USSR) measurements using an integrated cavity [1].
In our approach, the integrated cavity, made out of a material
characterized by high elastic scattering, low absorption, and
low Raman cross-section serves three purposes. The first one
is to efficiently utilize the excitation quanta for weak signal
enhancement, the second – is to improve the capability of
collecting the generated light and deliver it to the detection
system, and the last but not least is to separate light
absorption from light scattering effects.
One of the first successful implementations of the newly
developed instrument is shown in Figure 1, where the
integrated cavity is used to enhance the weak fluorescence
signal specific to the presence of feces residues in water [2].
In the talk, we will describe the experimental setup and
illustrate the working principle of this new instrument with
experimental examples of cells and organelles USA
measurements and water contaminations assessment using
USSR measurements.

Figure 1. Photograph of the integrating cavity
during use. The excitation (blue) light is
derived from a LED source and excites
fluorescence (green) from a urobilin complex
in solution mimicking contaminated water.

References:
[1] J. A. Musser, E. S. Fry, and D. J. Gray, “Flow-through integrating cavity absorption meter:
experimental results,” Appl. Opt. 48, 3592-3602 (2009).
[2] J. N. Bixler, M. Cone, B. H. Hokr, J. Mason, E. Figueroa, E. S. Fry, V. V. Yakovelv, and M. O.
Scully, “Ultrasensitive detection of waste products in water using fluorescence emission cavity enhanced
spectroscopy,” Proc. Natnl. Acad. Sci. USA (2013) Submitted.
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Coherences in atomic gas-based metamaterials
Renuka Rajapakse,1 Elena Kuznetsova,2 and S. F. Yelin1, 3
1

2

Department of Physics, University of Connecticut, Storrs, CT 06269
Russian Quantum Center, 100 Novaya Street, Skolkovo, Moscow Region 143025, Russia
3
Harvard Physics Department, Cambridge, MA 02138

There has been remarkable recent progress in demonstrating optical phenomena such as negative refraction and cloaking using metamaterials. One key challenge remains the realization of attaining this
in a flexible manner and without absorption, which is particularly important in the optical regime. We
will present our recent approach: the use of quantum interference effects similar to electromagnetically
induced transparency (EIT) to suppress absorption and produce a wide range of refractivity. As with
EIT, this is in principle applicable to a wide range of systems: atoms, molecules, quantum dots, excitons,
etc.
The basic idea of this approach is to induce a cross-coupling between electric and magnetic properties
in the medium. It turns out that this can be reached relatively easily for composite atomic gas systems.
We will give an overview over the fundamental physics of this phenomenon and show some examples
realistic systems.
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Radiation from Strongly Pumped High
Density Rubidium Vapor
Zhenhuan Yi1 , Kai Wang1 , Charles Ballmann1 ,
Jonathan Thompson1 , Ariunbold Gombojav1 ,
Amitabh Joshi1 , Anatoly Svidzinsky1 ,
Alexei V. Sokolov1 and Marlan O. Scully1,2,3
1

Texas A&M University, College Station, TX 77843; 2 Baylor
University, Waco, Texas 76798; 3 Princeton University, Princeton,
New Jersey 08544.

Atomic coherence eﬀect has been demonstrated in many fascinating phenomena. Recently,
our group proposed a new ampliﬁcation mechanism which requires no population in excited
state yet light ampliﬁcation at high frequency can be achieved by the parametric resonance
between the driving ﬁeld and the collective superradiant oscillations of the atomic coherence,
thus named Quantum Ampliﬁcation by Superradiant Emission of Radiation (QASER) [1].
To get enough gain, QASER requires high atomic density and a strong driving ﬁeld. We expermentally study the optical properties of dense Rubidium vapor which is strongly pumped
by nanosecond laser pulses. Experiments were done with two diﬀerent setups: (1) heated
rubidium cell with 780 nm tunable pulsed laser and (2) rubidium heatpipe with 1064 nm
pulses from Nd:YAG laser. We analyze some eﬀects that could hinder the QASER to be
observed.
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Fig. 1: Transmission around D2 line of Rubidium under diﬀerent conditions: high/low
temperature, with/without driving ﬁeld.
Driving ﬁeld is as same wavelength as probe
beam, linewidth ∼ 0.2 nm.
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Nonlinear Optics at the Edges and Boundaries of Atomic Monolayer
Xiaobo Yin*1, 2, 3, Ziliang Ye*1, Yu Ye*1, Kevin O’Brien1, Xiang Zhang1,2
1
NSF Nano-scale Science and Engineering Center (NSEC), 3112 Etcheverry Hall, University of
California, Berkeley, California 94720.
2
Material Sciences Division, Lawrence Berkeley National Laboratory, 1 Cyclotron Road,
Berkeley, California 94720.
3
Department of Mechanical Engineering, University of Colorado, Boulder, Colorado 80309.
The structural discontinuity at an interface yields significant electric dipolar contributions to the
surface optical nonlinearity, making the highly surface- and molecular-specific second-harmonic
spectroscopy an indispensable tool for noninvasive study of surface sciences1, 2. Not only does it
measure dipolar width across interfaces3, but it also probes real-time dynamics of surface, such
as atomic reconstructions, charge transfer and molecular conformational transitions4-6. Here we
study experimentally the second-order nonlinear optics on the one-dimensional edges of
hexagonal molybdenum disulfide (MoS2) atomic membranes. The broken inversion symmetry of
the atomically thin monolayer shows strong second-harmonic generation (SHG), in stark contrast
to the centrosymmetric bulk material which is immune to the second order nonlinear processes.
The destructive interference and annihilation of nonlinear waves from neighboring atomic
membranes not only reveals the few-atom-wide line defects that stitch different crystal grains
together but also allows the rapid mapping of crystal grains and grain boundaries over large areas
which typically requires a cumbersome diffraction-filtered dark-field transmission electron
microscope (TEM)7, 8. More interestingly, this unique optical imaging technique enables the
nonlinear optical detection of the electronic edge state at the atomic edges of two-dimensional
crystals where the translational symmetry is broken. The observed edge resonance of SHG
clearly indicates the electronic structure variation at the atomic edges that have been long
suspected to be the active sites for electrocatalytic hydrogen evolutions9, 10.
1
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Corn, R. M. & Higgins, D. A., Optical second harmonic spectroscopy as a probe of surface chemistry, Chem. Rev.
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Heinz, T. F., Loy, M. M. T., & Thompson, W. A., Study of Si(111) surfaces by optical second-harmonic generation:
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Controlling Light Propagation in Free Space and in
Waveguides with Metasurfaces
Nanfang Yu
Department of Applied Physics & Applied Mathematics, Columbia University, New York, NY 10027
This talk focuses on recent developments on flat, ultra-thin optical components dubbed “metasurfaces” that
introduce spatially-varying, abrupt changes in the optical phase, amplitude, and/or polarization to control light
propagation in free space and in optical waveguides.
Metasurfaces can be created by assembling arrays of miniature, anisotropic light scatterers with subwavelength
spacing. As a result the metasurfaces, on account of Huygens principle, are able to mold optical wavefronts into
arbitrary shapes with subwavelength resolution. Such gradient metasurfaces go beyond the well established
technology of frequency selective surfaces made of periodic structures and are extending to new spectral regions the
functionalities of conventional microwave and millimeter wave transmit-arrays and reflect-arrays. A very different
approach to create metasurface, which is not subject to antenna dispersion, is to use the Pancharatnam-Berry phase
that is associated with the change of optical polarization and can be created by using form birefringence in
anisotropic scatterers. Metasurfaces can also be created by using ultra-thin films of materials with large optical
losses. By using the controllable abrupt phase shifts associated with reflection or transmission of light waves at the
interface between lossy materials, such metasurfaces operate like optically-thin cavities that strongly modify the
light spectrum.
The concept of controlling free-space waves using 2D optical antenna arrays can be extended to a 1D scenario
in which a linear antenna array patterned on an optical waveguide can strongly affect mode coupling and
propagation in the waveguide. The essence of the concept is to use an array of phased optical antennas to provide an
effective wavevector that help phase matching between waveguide modes. This property can be used to realize
small-footprint, broadband optical devices for integrated photonic circuits including waveguide mode converters,
on-chip polarization rotators, and optical power diodes.
The talk will also discuss the technological implications of metasurfaces in various spectral regions and their
potential advantages as compared to existing optical components.

Figure 1 (a) Metasurfaces introduce a phase gradient d/dr or an effective wavevector k that bends the propagation
of reflected and transmitted light. (b) Linear phased optical antenna arrays patterned on optical waveguides help
phase matching between waveguide modes.
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QASER: detailed analysis and further developments
Luqi Yuan1,2 , Anatoly A. Svidzinsky1,2 and Marlan O. Scully1,2,3
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Texas A&M University, 2 Princeton University, 3 Baylor University

We discuss in detail, the QASER mechanism of high frequency generation, which requires no population in the excited state [1]. In this mechanism, light amplification occurs due to the resonance between
collective oscillations of the atomic system and the external driving field which can yield exponential
growth of the seed pulse at a high atomic frequency (see figure). We present the results of numerical simulations of the Maxwell-Schrödinger equations that demonstrate gain and discuss the possible application
of the QASER mechanism for generation of coherent radiation.

FIG. 1: (a) Input and output superradiant pulse as a function of time after it propagates through the atomic
sample. The superradiant pulse is sent in the same direction as the drive field. (b) The same as in (a) but for the
backward propagating superradiant pulse. (c) Spectrum of the backward propagating superradiant pulse in (b).

[1] A.A. Svidzinsky, L. Yuan, and M.O. Scully, Phys. Rev. X 3, 041001 (2013).
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Optics of spin noise
V. S. Zapasskii
Saint-Petersburg State University, Physics Department,
Spin Optics Laboratory, Saint-Petersburg, 198504 Russia
Spin noise spectroscopy (SNS) is a fairly new technique, so, I will first have to say what it is and
why experimentalists enjoy it. The basic idea of SNS is simple: if Faraday rotation can feel
magnetization of the medium, it can also feel its magnetization noise. Magnetization is a vector, so
we can measure its noise along different directions. When measuring it in the direction normal to
magnetic field (which is the most interesting), we will see in its spectrum a peak at Larmor
frequency or, in other words, we will detect magnetic resonance spectrum of the nsystem. Thus,
one may consider SNS as a sort of spectroscopy of magnetic resonance (MR) with appropriate
informative capabilities. The main specific properties of such spin-noise-based MR spectroscopy
are that (i) the system is not perturbed (when measuring the Faraday rotation noise in the range of
transparency), (ii) no population difference between magnetic sublevels of the system is needed,
and (iii) the measurements imply high spatial resolution. This experimental approach was
primarily proposed and realized on an atomic system in 1981 [1] and nowadays is widely used in
studies of semiconductors including nanostructures and low-dimensional structures [2,3].
If we look at SNS as at a sort of optical spectroscopy, we will see a number of its new
curious features mainly associated with spectral correlations
of the Faraday-rotation noise [4]. The appropriate spectral
correlation length, not revealed in conventional optical
spectra, provides opportunity to reveal hidden structure of
optical transitions and, in a certain sense, to substantially
enhance spectral resolution of optical spectroscopy. The
most spectacular and simple manifestation of these
correlations is provided by optical spectra of spin noise of
an isolated absorption band at different degree of
inhomogeneous broadening (see the figure). With
increasing contribution of inhomogeneous broadening (),
the initial dip in the spectrum is getting shallower and them turns into a peak, thus providing
opportunity to penetrate into ‘anatomy’ of the optical transition with simultaneous increase of
sensitivity of the measurements.
There are other unique properties of optical spectroscopy of spin noise that make it close,
in some respects, to nonlinear optical spectroscopy without invoking nonlinear optical
susceptibility.

1. E.B.Aleksandrov and V.S.Zapasskii, JETP, 54, 64 (1981)
2. G.M.Muller, M.Oestreich, M.Romer, and J.Hubner, Physics E, 43, 569 (2010)
3. V.S.Zapasskii, Adv. Opt. Photon., 5, 131 (2013)
4. V. S. Zapasskii, A. Greilich, S. A. Crooker, Yan Li, G. G. Kozlov, D. R. Yakovlev,
D. Reuter, A. D. Wieck, and M. Bayer, Phys. Rev. Lett., 110, 176601 (2013)
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Extracting tissue metabolism using optical coherence tomography
Ji Yi, Wenzhong Liu, Siyu Chen, Vadim Backman, and Hao F. Zhang
Department of Biomedical Engineering, Northwestern University, Evanston IL 60208
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Our Vis-OCT used a supercontinuum laser as
the light source. As shown in Figure 1a, the
optical spectral rage of the Vis-OCT centered
at 585 nm with a bandwidth of 85 nm. As a
result, we can achieve an axial resolution of 1.7
µm in air and 1.3 µm in the retina (Figure 1b).
A house-built spectrometer provided an A-line
rate of 75 kHz. To measure retinal sO2, we
developed a sophisticated inverse algorithm to
fit the optical absorption spectrum of the whole
blood within the Vis-OCT spectral range. To
measure blood flow, we performed doublecircular-trajectory scans around the optic disk
to obtain the absolute blood velocity. After
obtaining the retinal sO2 and blood velocity, we
further measured retinal vessel diameter and
calculated the rMRO2. To test the capability of
Vis-OCT, we imaged wild-type Long-Evans
rats inhaling normal air.

Intensity [a.u.]

Optical coherence tomography (OCT) is becoming the technology of choice for researchers and clinicians
when investigating and diagnosing almost all the major ophthalmic diseases and many esophagus and
colon diseases. Due to the complexity in pathologically alteration, anatomical imaging alone cannot
satisfy the needs for high sensitivity and high specificity in particular diseases. Hence, one of the key
challenges in OCT is how to extract functional information of tissues. We tackle this challenge by
developing wideband visible-light OCT (Vis-OCT) and its associated analytical methods to extract retinal
metabolic rate of oxygen (rMRO2). rMRO2 is believed to be strongly correlated with diabetic retinopathy
and glaucoma, two leading blinding diseases in the US, in their early stages.
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Figure 1. Vis-OCT for retinal metabolic imaging. (a)
Working bandwidth; (b) Calibrated axial resolution in air;
(c) Micro-angiography of retinal capillary network. Bar:
200 µm; (d) hemoglobin oxygen saturation measured in
every major retinal vessel superimposed on an anatomic
image after pseudo-coloring.

The Vis-OCT was able to image the densely
packed retinal capillary network based on
hemoglobin absorption contrast only (Figure
1c). After inverse estimating of the relative
concentrations of oxy-hemoglobin and deoxyhemoglobin, we measured the sO2 value in every single major retinal vessel around the optical disk as
shown in Figure 1d. When breathing normal air, the averaged sO2 in arterial and venous blood in LongEvans rats was measured to be 95% and 72%, respectively and the total retinal blood flow was measured
to be 7.6 µl/min. These functional measurements also demonstrated high stabilities when we monitored
individual rodent subjects over a 14-day period.

In conclusion, Vis-OCT is a sensitive tool to measure retinal MRO2 with a high repeatability. It opens up
a new window to investigate several significant blinding diseases that strongly associate with oxygen
metabolic disorders. Vis-OCT also holds promise in clinically identifying biomarkers of these diseases in
their early stages.
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Recent Progress in Quantum Communication
Qiang Zhang
Shanghai Branch, Hefei National Laboratory for Physical Sciences at Microscale and Department
of Modern Physics, University of Science and Technology of China, Hefei, Anhui 230026, P. R.
China
Quantum communication can realize tasks which are impossible for classical
communication. This is guaranteed by basic principles of quantum mechanics. For example,
quantum key distribution (QKD) can provide information theoretical security for two trusted
parties. And a relative quantum bit commitment can provide unconditional secure
communication between two mistrustful parties.
However, for QKD, the imperfect devices may leave loopholes for various hackings in
practical implementations. In this talk, we shall discuss the solutions to close these loopholes and
present a couple of experiments recently achieved by our group, including: passive decoy QKD
[1,2] and measurement device independent QKD [3]. For communication between two
mistrustful parties, we shall present one of the first experiments of unconditional secure bit
commitment [4] by combining QKD and telescope based free space communication.
Meanwhile, using a single photon source, we experimentally demonstrate counterfactual
communication and successfully transfer a monochrome bitmap from one location to another by
employing a nested version of the quantum Zeno effect [5].

Fig. 1 Experimental setup of measurement device independent QKD

[1] W. Mauerer and C. Silberhorn, Phys. Rev. A 75, 050305(R) (2007).
[2] Y. Adachi, T. Yamamoto, M. Koashi, and N. Imoto, Phys. Rev. Lett. 99, 180503 (2007).
[3] Y. Liu, et al., Phys. Rev. Lett. 110, 260407 (2013).
[4] Y. Liu et al., ArXiv:1306.4413 (2013).
[5] H. Salih et al. Phys. Rev. Lett. 110, 170502 (2013).
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Speaker: Xiwen Zhang
Session: New coherent sources of radiation: from LWI to parametric collective oscillators (QASER)
Schedule: Tuesday evening invited session

Superradiant control of γ-ray propagation by vibrating nuclear arrays
1

Xiwen Zhang1 and Anatoly Svidzinsky1,2

Texas A&M University and 2Princeton University

We study the interaction of γ rays with coherently vibrating periodic array of two-level nuclei. Such
nuclear motion can be generated, e.g., in ionic crystals illuminated by a strong driving optical laser
field (Fig. 1). We find that deflection of the incident γ beam into Bragg angle can be switched on and
off by nuclear vibrations on a superradiant time scale determined by the collective nuclear frequency
Ωa which is of the order of terahertz. Namely, if the incident γ wave is detuned from the nuclear
transition by frequency Δ ≫ Ωa it passes through the static nuclear array. However, if the nuclei
vibrate with frequency Δ then parametric resonance can yield energy transfer into the Bragg
deflected beam on the superradiant time scale [1], which can be used for fast control of γ rays.
This phenomenon is analogous to parametric frequency mixing in propagating circuits [2], in which
power can flow back and forth between the two coupled circuits if the coupling reactance variation
frequency matches their frequency difference. Combination parametric resonance at the frequency
difference between two normal modes of the coupled light-atom system is the essence of the QASER
[3]. In the present model, parametric resonance and collective effects of the light interaction with a
vibrating nuclear array do not yield amplification of the high-frequency (γ) field but enhance the rates
of the radiation absorption and reemission.

Figure 1. (a) Energy diagram of the two-level nuclear system. (b) Present model: an incident γ-ray
plane wave interacts collectively with a recoilless nuclear array, while the strong optical laser field
produces coherent oscillations of the nuclei with amplitude d and frequency νd.
[1] X. Zhang and A.A. Svidzinsky, Phys. Rev. A 88, 033854 (2013).
[2]P. K. Tien, J. Appl. Phys. 29, 1347 (1958).
[3] A.A. Svidzinsky, L. Yuan and M.O. Scully, Phys. Rev. X 3, 041001 (2013).
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Quantum storage based on spatial chirp of the control field
Xiwen Zhang1, Alexey Kalachev2 and Olga Kocharovskaya1
1

Texas A&M University, and

2

Zavoisky Physical-Technical Institute of the Russian Academy of Sciences

We suggest an all-optical quantum memory scheme which requires neither synchronization and
temporal manipulation on the control field and medium nor the presence of the Stark or Zeeman
effect in the atomic medium. The scheme is based on the off-resonant Raman interaction of a signal
quantum field and a strong control field in a three-level atomic medium (Fig. 1) in the case, when the
control field has a spatially varying frequency across the beam, called a spatial chirp. We show that
the effect of such a spatial chirp is analogous to the effect of a controllable reversible
inhomogeneous broadening (CRIB) of the atomic transition used in the CRIB quantum memory
scheme. We find that for the optimal conditions the proposed spatial-chirp memory scheme is
capable of almost one hundred percent efficiency in the retrieval of the stored quantum signal.
The proposed quantum memory scheme is also analogous to the recently suggested Phase Matching
Control(PMC) quantum memory method, in which a temporal modulation of the refractive index [1]
or control field wave vector [2, 3] maps the incoming signal photon into spin wave distribution via
phase matching condition. In the present model, PMC is realized by the phase evolution of the
spatially chirped control automatically, thus no additional temporal modulation is required. This is
especially useful for real application of quantum memory where the arrival time of the signal photon
is not definitely predicted.
(a)

(b)

Figure 1. (a) Energy diagram of the off-resonance Raman interaction in a three-level Λ system. β is
the frequency gradient of the control field, and L is the medium length. (b) Transverse excitation
setup in which the propagation directions of the signal and control fields are perpendicular to each
other.
[1] A. Kalachev and O. Kocharovskaya, Phys. Rev. A 83, 053849 (2011).
[2] X. Zhang, A. Kalachev and O. Kocharovskaya, Phys. Rev. A 87, 013811 (2013).
[3] A. Kalachev and O. Kocharovskaya, Phys. Rev. A 88, 033846 (2013).
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COHERENT CONTROL OF METAMATERIALS
N. I. Zheludev
www.nanophotonics.org.uk
www.nanophotonics.sg
ORC, University of Southampton, Southampton, United Kingdom
CDPT, Nanyang Technological University, Singapore
We report a new concept of engaging the coherent interaction of optical
waves on metamaterial nanostructures that allows for the efficient
control of optical phenomena from absorption to refraction, from optical
activity to anisotropy. We provide a number of demonstrations of coherent
control phenomena alongside a discussion of their spectroscopic and
optical data processing applications.
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New surface waves in gradient-index metasurfaces
Lei Zhou
Department of Physics, Fudan University, Shanghai 200433, P. R. China
phzhou@fudan.edu.cn

Controlling electromagnetic (EM) waves freely is a dream for researchers. While
manipulating propagating waves (PWs) or surface waves (SWs) has separately become
possible using transformation optics, a bridge that can link PWs with SWs at will has not yet
been found and is highly desired to make the full control over EM waves possible. Here, we
demonstrate that a specific gradient-index meta-surface can convert a PW to an SW with
theoretically 100% efficiency. Distinct from conventional devices such as prism or grating
couplers, here the momentum mismatch between PW and SW is compensated by the
reflection-phase gradient of the meta-surface, and perfect PW-SW conversion can happen for
any incidence angle larger than a critical value. Experiments, including both far-field and
near-field characterizations, are performed to verify this idea in the microwave regime, which
are in excellent agreement with full-wave simulations. In addition, we demonstrated that such
new SWs bounded on the meta-surfaces, which are driven by incident PWs, can be guided
out to flow as surface plasmons on another system supporting eigen surface EM modes. Our
findings may pave the road for many applications, including flat lens, high-efficiency surface
plasmon couplers, anti-reflection surfaces, light absorbers.

Fig. 1. Driven surface wave on a gradient-index metasurface

References
[1] S. L. Sun, et. al., Nature Materials 11 426 (2012)
[2] S. L. Sun, et. al., Nano Lett. 12, 6223−6229 (2012)
[3] X. Li, et. al., Opt. Lett., 37 4940 (2012)
[4] C. Qu, et. al., EPL 101 54002 (2013)
[5] Shiyi Xiao, et. al., Opt. Express 21 27219-27237 (2013)
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High order duality: Theory and Experimental
Shi-Yao ZHU
Beijing Computational Science Research Center

Abstract
The duality for a single particle state has been extended to the states composed of
multi-particles. The first and second order duality relations for the two-photon states
are investigated theoretically and experimentally. The sum of the wave-like
information and particle-like information is equal to one for a group of two-photon
pure states, or smaller than one for other two-photon pure states and two-photon
mixed states. By feeding the Mach-Zehnder interferometer with photon pairs created
by spontaneous parametric down-conversion, we experimentally verified the first and
second duality relation. The optical fields exhibiting the same first-order particle-like
and wave-like behaviors may carry entirely different second-order duality information.
In principle, the high order duality experiment can be implemented by a coherent
state.
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Quantum Communication with Invisible Photons
M. Suhail Zubairy
Institute for Quantum Science and Engineering and
Department of Physics and Astronomy
Texas A&M University, College Station, TX 77843
ABSTRACT
In this paper [1], we present a quantum communication protocol that does not rely on the prior exchange
of a secret key. Almost no real information carriers are transmitted through the quantum channel. By
using the first ``chain'' version of the quantum Zeno effect, we show how the possibility of a highly efficient
direct communication exists through a quantum channel. A double chain version enables us to make the
information carriers invisible. This counterfactual protocol builds on the notions of quantum Zeno effect
and interaction-free-measurement.
[1] H. Salih, Z. Li, M. Alamri, and M. S. Zubairy, Phys. Rev. Lett. 110, 170502 (2013).
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“Fiber Optics in Oil and Gas Industry”
Raheel Zubairy
Department of Petroleum Engineering
Texas A&M University, College Station, TX 77843
ABSTRACT
This presentation will focus on the increasing use of fiber optics in the oil and gas industry. Fiber optic
sensors exploit the interaction of light with environmental parameters to be sensed. The main
applications in the industry include measuring temperature, pressure, acoustics, flow and strain during
the life cycle of a wellbore. Through distributed sensing, one can measure parameters throughout the
wellbore. Fiber optics has also started to be used for chemical sensing of the flow in the wellbore to
detect specific molecules and with possible applications to detect formation water and monitoring CO2
concentration in the fluid stream.
Fiber-optics has shown potential application for offshore monitoring on ocean floor to provide data with
higher resolution and greater fidelity over the life of the field.In addition, fiber optic sensor systems
incorporating acoustic sensing can allow the reservoir engineer to better image and characterize
thereservoir. Another major application of fiber-optics would be to replace magnetometers for real-time
monitoring of the azimuth while drilling by fiber optic gyroscopes. Since the magnetic fields around have
only a minor effect on fiber optic gyroscopes (FOG) compared to magnetometers, FOGs can be installed
directly behind the drill bit improving the measurement accuracy. Fiber optic gyroscopes have shown
better resistance to shock and vibration and can withstand relatively high temperatures.
Fiber optics sensors have shown clear advantages in reliability, performance and power over
conventionalelectronics. Due to their passive nature and no electronics, fiber optic sensor systems can
offer a huge reliability potential for several in-well applications including seismic imaging. The future of
fiber optics in the oil and gas industry for monitoring operations will depend on ease of installation of
the system, the robustness and reliability and handling of the vast amounts of data generated by the
system.
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