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Preface

Welcome to PQE-2015. This is the 45th annual Winter Colloquium on the Physics
of Quantum Electronics, one of the longest running conferences on laser and quantum
physics.

There are 234 talks scheduled over 4 days, including 33 plenary and 201 invited
talks, covering a wide range of physics from plasmonics and hot electron science, X-ray
optics and quantum optics, sensing, bio-photonics, quantum information and control,
nano-technology, random lasers and nanolasers, theoretical photonics, microscopy and
nanoscopy, nonlinear optics, filamentation, semiconductor laser physics, many-body
effects, quantum thermodynamics and much more. 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. Alexey Belyanin, Warwick Bowen,
Robert Boyd, Hui Cao, Maria Chekhova, Ji-Xin Cheng, Kent Choquette, Marcus
Cicerone, Jonathan Dowling, Alexander Gaeta, Goëry Genty, Alexander Govorov,
Ortwin Hess, John Howell, Olga Kocharovskaya, Leonid Krivitsky, Gershon Kur-
izki, Hebin Li, Svetlana Malinovskaya, Vladimir Malinovsky, Peter Nordlander, Pavel
Polynkin, Eric Potma, Mark Raizen, Stephan Reitzenstein, Yuri Rostovtsev, Harald
Schwefel, Tamar Seideman, Gennady Shvets, Alexei Sokolov, Douglas Stone, Dmitry
Strekalov, Hakan Tureci, Vladislav Yakovlev, Joachim von Zanthier, and Shi-Yao Zhu
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.

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

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

The conference takes place on January 4-8, 2015. The program consists of three
parts: there is a reception on Sunday evening, January 4; the technical sessions are
on Monday through Thursday mornings and evenings, January 5–8; and the poster
session with dinner is on Thursday afternoon, January 8. All events take place in the
Cliff Lodge at Snowbird.

Event When and Where

Reception Sunday evening, January 4
Time: 6:00 p.m.
Room: Golden Cliff
Notes: Includes pizza and crudités buffet dinner.

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

Technical Sessions Monday-Thursday, January 5-8
Time: 7:30 a.m. – 1:00 p.m.,

2:30 p.m. – 5:00 p.m. (Thursday only)
7:00 p.m. – 10:30 p.m.

Rooms: Ballrooms 1 and 2
Magpie Rooms A and B
Wasatch Room A.

Notes: On Monday through Wednesday, the technical
sessions occur morning and evening. Your afternoons are
free to enjoy the atmosphere. Technical sessions run the
entire day on Thursday. See the program for information
about rooms for individual talks.

Poster Session and Buffet
Dinner

Thursday evening, January 8

Time: 5:30 p.m. – 7:00 p.m.
Room: Ballroom 3
Notes: Posters may be put up starting Wednesday morn-
ing, January 7. The “official” session is listed above, and
includes a buffet dinner.
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2 Location

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

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

• Reception (Sunday evening): Golden Cliff room, Cliff Lodge level B.

• Plenary sessions: Ballrooms 1 and 2, Cliff Lodge level B.

• Breakout session 1: Ballroom 1, Cliff Lodge level B.

• Breakout sessions 2 and 3: Magpie rooms, Cliff Lodge level B.

• Breakout session 4: Wasatch A room, Cliff Lodge level C.

• Poster Session (Thursday afternoon): Ballroom 3, Cliff Lodge level B.

To reach the Snowbird Center, or other parts of Snowbird Village, it is common
to take the exit on the West end of the Cliff Lodge, and walk across the snow to
Snowbird Center. The Center is the building where the gentle “Chickadee” chair lift
terminates. It may also be possible to take a Snowbird Village shuttle to other parts
of the resort. You can ask about this at the concierge or bell desks.

A map of Snowbird Village follows the diagrams of the Cliff Lodge after this page.
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3 Information for Participants

3.1 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 5:30 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.

PQE-2015 8



4 Call for Papers

A special issue of the Journal of Modern Optics will be published in celebration
of PQE-2015. The special issue will be edited by George R. Welch of Texas A&M
University and Frank A. Narducci of the Naval Air Systems Command.

Please note that this is not a “conference proceedings” but rather a special issue
of a regular journal. Plenary and invited speakers are encouraged to submit papers,
but high quality papers are expected. Submissions from poster presenters will be
considered, but again we emphasize that high quality, original work is required. For
further inquiries, please contact one of the editors.

Notes:

• These will be refereed papers published in a peer-reviewed journal. Manuscripts
will be reviewed according to normal journal procedures. These papers must
constitute original research material and cannot contain a substantial fraction
of material repeated from elsewhere. Special Issue submissions are subject to
the same rules concerning publication of original material as any other papers
submitted to any other journal.

• Because of the anticipated number of manuscripts, please do not submit if
you are not willing to review another manuscript.

• Manuscripts are due by February 28, 2015 (marked for the PQE special issue).

Instructions for paper submission:

• First, general information about the Journal of Modern Optics and submission
can be found at
http://www.tandfonline.com/toc/tmop20/current .

• Next, instructions for authors can be found at
http://www.tandfonline.com/action/authorSubmission?

journalCode=tmop&page=instructions .

• Finally, manuscripts are submitted by using the online submission system:
http://mc.manuscriptcentral.com/tmop .

• Important: You must make sure the paper is designated for the PQE special
issue. There is a box in the submision process where the author may state
whether the paper is for a special issue or a regular issue, and which special
issue it is for. In addition to this, authors may write in their cover letter that it
is intended for the PQE special issue.

Manuscripts are due by February 28, 2015 to ensure publication in the special
issue. If you need more time than this, or if you have difficulty with the online
submission system, please contact either George or Frank at the addresses below.

Editorial contacts:

George R. Welch – grw@tamu.edu

Frank A. Narducci – frank@aps.org
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5 Lamb Award

The Willis E. Lamb Award for Laser
Science and Quantum Optics.

The Willis E. Lamb Award for Laser Science and Quantum
Optics is presented annually at PQE for outstanding contri-
butions to the field. The award honors Willis E. Lamb, Jr.,
famous laser scientist and 1955 winner of the Nobel Prize in
physics, who gave us many seminal insights and served as our
guide in so many areas of physics and technology.

The award is sponsored by the Physics of Quantum Electronics (PQE) conference
and presented at its Winter Colloquium in Snowbird, Utah. The award will be pre-
sented at PQE-2015 at 10:50 a.m. on Wednesday morning, January 7, 2015. The
2015 winners are:

Hui Cao, Yale University
For pioneering experimental work on random lasers.

A Douglas Stone, Yale University
For pioneering theoretical work on random lasers.

Vladislav Yakovlev, Texas A&M University
For pioneering work on random Raman lasers.

Hui Cao A. Douglas Stone Vladislav Yakovlev

Cao photo by provided by Prof. Cao, 2014. Used with permission.

Stone photo by provided by Prof. Stone, 2014. Used with permission.

Yakovlev photo provided by Prof. Yakovlev, 2014. Used with permission.

Photo editing by Timothy St. Martin, Texas A&M University, 2014.

More information: http://www.lambaward.org/
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6 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 Thursday
we will also have a full session in the afternoon, which will end before the poster
session.

The first session begins at 7:30 a.m. each morning, following the continental break-
fast. After the first breakout session there will be a coffee break, then the second
plenary session will begin. The second breakout session ends at 1:00 p.m. The third
plenary session starts at 7:00 p.m. each evening.

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

The following four pages show a block-diagram guide to the sessions, one for each
day. After that is a detailed listing of all the talks.
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6.1 Block diagrams of sessions

7:00

7:25

9:10

10:30

10:50

12:00

19:00

20:50

Plenary Session 1 – Ballroom 1&2

Invited Session:
Quantum 

Plasmonics and 
Hot Electron 

Science I
Ballroom 1

Invited Session:

X-ray Quantum 
Optics

Magpie A

Invited Session:
Transforming  

Spectroscopy for 
Biology and 

Medicine
Magpie B

Continental Breakfast – Ballroom 1&2

Coffee Break – Ballroom 2

Plenary Session 2 – Ballroom 1&2

Invited Session:
Optically Active 
Nanostructures 

and Related 
Applications

Ballroom 1

Afternoon free

Plenary Session 3 – Ballroom 1&2

Invited Session:

Hot Electron 
Science II

Ballroom 1

Invited Session:

Active Plasmonics 
and Nanolasing

Magpie A

Monday, January 5, 2015

Invited Session:

X-ray Quantum 
Optics

Magpie A

Invited Session:
Spectroscopic 
imaging: from 

physics to medicine 

Magpie B

Invited Session:
Coherent Radiation 

of Incoherent 
Sources

Wasatch A

Invited Session:
Optics of Graphene 

and 2D Materials 
Beyond Graphene

Wasatch A

Invited Session:

Compressive 
Sensing

Magpie B

Invited Session:

Ultracold Atoms 
and Molecules

 
Magpie B

Invited Session:
Quantum Control, 

Quantum 
Information and 

Simulation
Magpie B
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7:00

7:30

9:10

10:30

10:50

12:00

19:00

20:50

Plenary Session 1 – Ballroom 1&2

Invited Session

Back Scattering

Ballroom 1

Invited Session:
Quantum 

Nanomaterials and 
their Applications

Magpie A

Invited Session:

Quantum 
Optomechanics

Magpie B

Continental Breakfast – Ballroom 1&2

Coffee Break – Ballroom 2

Plenary Session 2 – Ballroom 1&2

Invited Session:

Random Lasers

Ballroom 1

Invited Session:
Topological 

Phenomena in 
Photonics

Magpie A

Invited Session:

Quantum 
Optomechanics

Magpie B

Afternoon free

Plenary Session 3 – Ballroom 1&2

Invited Session:
Light Transport 

and Imaging 
through Complex 
Scattering Media

Ballroom 1

Invited Session:
Topological 

Phenomena in 
Photonics

Magpie A

Invited Session:

Femtosecond 
Nanoscopy

Magpie B

Invited Session:

Physics of Micro- 
and Nanolasers

Wasatch A

Tuesday, January 6, 2015

Invited Session:
Coherent Control 

of Complex 
Systems

Wasatch A

Invited Session:

Molecular 
Modulation

Wasatch A

13:00

13:30

Short Break to collect lunch

Special Plenary Session – Ballroom 1&2
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7:00

7:30

9:10

10:30

11:20

12:00

19:00

20:50

10:50

Plenary Session 1 – Ballroom 1&2

Invited Session:

Hot Electron 
Science III

Ballroom 1

Invited Session:

Frequency Combs

Magpie A

Invited Session:
The Computational 

Complexity of 
Passive Linear 

Optics
Magpie B

Continental Breakfast – Ballroom 1&2

Coffee Break – Ballroom 2

Plenary Session 2 – Ballroom 1&2

Invited Session:
Translational 

Research: from the 
Laboratory to Real-

Life applications
Ballroom 1

Invited Session:
Non-linear 
Frequency 

Conversion in 
WGM Resonators

Magpie A

Invited Session:

Novel Optics

Magpie B

Afternoon free

Plenary Session 3 – Ballroom 1&2

Invited Session:
Remote 

Atmospheric 
Lasing and Laser 

Filamentation
Ballroom 1

Invited Session:
Non-linear 
Frequency 

Conversion in 
WGM Resonators

Magpie A

Invited Session:
Many body 

Phenomena in 
Coupled Light-
Matter Systems

Magpie B

Invited Session:

Semiconductor 
Laser Physics

Wasatch A

Wednesday, January 7, 2015

Presentation of the
Willis E. Lamb Award for Laser Science and Quantum Optics

 Ballroom 1&2

Invited Session:

Biological 
Applications

Wasatch A

Invited Session:
Quantum Optics in 

Semiconductor 
Nanostructures

Wasatch A
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7:00

7:30

9:10

10:30

10:50

12:00

19:00

20:50

17:30

Plenary Session 1 – Ballroom 1&2

Invited Session:

Hot Electron 
Science IV

Ballroom 1

Invited Session:
Quantum and 

Classical 
Applications of 

Orbital ...
Magpie A

Invited Session:

Novel Optics

Magpie B

Continental Breakfast – Ballroom 1&2

Coffee Break – Ballroom 2

Plenary Session 2 – Ballroom 1&2

Invited Session:

Quantum Sensing

Ballroom 1

Invited Session:

Non-linear 
Interferometers

Magpie A

Invited Session:

Novel Optics

Magpie B

Invited Session:

Quantum Effects in 
Biology

Wasatch A

Plenary Session 4 – Ballroom 1&2

Thursday, January 8, 2015

Invited Session:
Optical 

Multidimensional 
Coherent 

Spectroscopy
Wasatch A

Poster Session and Buffet Dinner – Ballroom 2&3

Invited Session:
Extreme 

Localization of 
Light in Optical 

Systems
Ballroom 1

Invited Session:

Quantum Heat 
Machines

Magpie A

Invited Session:

Novel Optics

Magpie B

Invited Session:

Biophotonics

Wasatch A

14:30

15:40

Plenary Session 3 – Ballroom 1&2

Invited Session:

QASER

Ballroom 1

Invited Session:
Quantum 

Interference Effects 
in Atomic Systems

Magpie A

Invited Session:

Novel Optics

Magpie B

Invited Session:

Nano Structures 
and Photonics

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

6.2 List of all sessions in detail

Monday, January 5 2015

Monday Morning Plenary Session 1
Location: Ballroom 1 and 2 — Frank Narducci, Chair

7:30 Peter Nordlander, Rice University, “Quantum Plasmonics and Hot-Electron Science”
[ 231 ]

8:00 Tenio Popmintchev, JILA, University of Colorado at Boulder, “Bright High Harmonics
from the UV to the keV X-ray Region for Dynamic Imaging at the Space-Time Limit” [ 241 ]

8:30 Ji-Xin Cheng, Purdue University, “Transforming molecular spectroscopy from in vitro to
in vivo for biology and medicine” [ 99 ]

Monday Morning Invited Session 1

Breakout Session 1: Quantum Plasmonics and Hot Electron Science I.
Location: Ballroom 1 — Peter Nordlander, Chair

9:10 N. Asger Mortensen, Technical University of Denmark, “Nonlocal plasmonic response in
noble metal and graphene nanostructures” [ 220 ]

9:30 Luat T. Vuong, Queens College of CUNY, “Influence of Solvent Polarity on Light-Induced
Nanofluid Heat Cycles and Evidence of Heat Dissipation via Nanobubbles” [ 300 ]

9:50 Romain Quidant, ICFO, “Controlled interaction of single NV centers with surface plas-
mons” [ 244 ]

10:10 Isabell Thomann, Rice University, “Extreme light absorption architectures for solar-to-
fuel conversion” [ 289 ]

Breakout Session 2: X-ray quantum optics.
Location: Magpie A — Tenio Popmintchev, Chair

9:10 Ralf Röhlsberger, DESY, “Cavity-controlled cooperative emission: From the collective
Lamb shift to EIT and beyond” [ 258 ]

9:30 Kilian Heeg, Max Planck Institute for Nuclear Physics, “Nonlinear Moessbauer physics at
an XFEL” [ 150 ]

9:50 Olga Kocharovskaya, Texas A&M University, “Coherent control of the gamma-photon
waveforms: gamma-photon time-bin qudits” [ 179 ]

10:10 Xiwen Zhang, Texas A&M University, “Quantum memory of single γ-ray photon by
Doppler Frequency Comb” [ 325 ]
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Breakout Session 3: Transforming molecular spectroscopy from in vitro to in vivo for
biology and medicine.
Location: Magpie B — Ji-Xin Cheng, Chair

9:10 Xiaolin Nan, Oregon Health and Science University, “Quantitative superresolution mi-
croscopy reveals a dimerization-dependent signaling mechanism of Ras” [ 225 ]

9:30 Yulia Pushkar, Purdue University, “X-ray Imaging and Spectroscopy From Inside a Brain
Cell” [ 243 ]

9:50 Jun Ando, Osaka University, “High-resolution hyperspectral Raman imaging” [ 68 ]

10:10 Aaron Streets, Peking University, “Seeing Chemistry in Live Cells through Stimulated
Raman Scattering Microscopy” [ 280 ]

Breakout Session 4: Quantum control, quantum information and simulation.
Location: Wasatch A — Barak Dayan, Chair

9:10 TBA,

9:30 Stefan Natu, University of Maryland, College Park, “Stoner Ferromagnetism in a spin-1/2
thermal Bose gas” [ 229 ]

9:50 Michael Kolodrubetz, Boston University, “Measuring topological transitions in super-
conducting qubits” [ 180 ]

10:10 Georg Raithel, University of Michigan, “Forbidden atomic transitions driven by an
intensity-modulated laser trap” [ 245 ]

Location: Ballroom 1 and 2 — Chris O’Brien, Chair

10:50 Gary Wiederrecht, Argonne National Laboratory, “Hybrid Nanophotonic Structures for
Enhanced Ultrafast Response and Efficient Exciton Propagation” [ 307 ]

11:20 John Howell, University of Rochester, “Compressive sensing” [ 159 ]

Monday Morning Invited Session 2

Breakout Session 1: Optically active nanostructures and related applications.
Location: Ballroom 1 — Gary Wiederrecht, Chair

12:00 Hilmi Volkan Demir, Nanyang Technological University, Singapore & Bilkent Univer-
sity, Turkey, “High-efficiency nanocomposites of dense quantum dots for high-performance
colloidal light-emitting diodes” [ 115 ]

12:20 Stephen K. Gray, Argonne National Laboratory, “Optically Induced Entanglement in
Hybrid Quantum Dot/Plasmon Systems” [ 142 ]

12:40 Alexander Govorov, Ohio University, “Hot Plasmonic Electrons, Plasmonic Photochem-
istry and Heat Generation in Hybrid Nanostructures” [ 141 ]
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Breakout Session 2: X-ray quantum optics.
Location: Magpie A — Olga Kocharovskaya, Chair

12:00 Steve Southworth, Argonne National Laboratory, “Core hole decay dynamics in atoms
and molecules” [ 277 ]

12:20 Arvinder Sandhu, University of Arizona, “Probing complex electron hole dynamics in
polyatomics with XUV attosecond spectroscopy” [ 260 ]

12:40 Timur Akhmedzhanov, Texas A&M University, “Train of ultrashort pulses formation
via switching of the resonant interaction between XUV radiation and atoms by tunnel
ionization” [ 65 ]

Breakout Session 3: Compressive sensing.
Location: Magpie B — John Howell, Chair

12:00 TBA,

12:20 Kevin Kelly, Rice University, “Development of Compressive Video Imaging and Its Ap-
plication to Imaging Plasmons” [ 175 ]

12:40

Breakout Session 4: Coherent radiation of incoherent sources.
Location: Wasatch A — Ralf Röhlsberger, Chair

12:00 Robert Bettles, Durham University, UK, “Collective response of microscopic ensembles
of atomic dipoles” [ 81 ]

12:20 Johann Haber, DESY, “Polaritons in Nuclear Optical Lattices” [ 145 ]

12:40 Joachim von Zanthier, Universität Erlangen - Nürnberg, “Dicke superradiance and Han-
bury Brown and Twiss intensity interference: two sides of the same coin” [ 322 ]

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

19:00 Ortwin Hess, Imperial College London, “Stopped-Light Lasing – A Route to Cavity-Free
Nanolasing” [ 154 ]

19:30 Robin Côté, University of Connecticut, “Rydberg Electrons in a Bose-Einstein Conden-
sate” [ 110 ]

20:00 Alexey Belyanin, Texas A&M University, “Optics of graphene and 2D materials beyond
graphene” [ 77 ]
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Monday Evening Invited Session

Breakout Session 1: Hot Electron Science II.
Location: Ballroom 1 — Naomi Halas, Chair

20:50 Pierre Berini, University of Ottawa, “Surface plasmon enhanced optoelectronics” [ 80 ]

21:10 Martin Moskovits, University of California, Santa Barbara, “Plasmons as photonic in-
termediaries in redox photochemistry” [ 221 ]

21:30 Steve Cronin, University of Southern California, “Plasmon-Enhanced Photocatalysis on
TiO2-Passivated III-V Compounds” [ 107 ]

21:50 Jason Valentine, Vanderbilt University, “Metamaterial Perfect Absorber Based Hot Elec-
tron Photodetection” [ 296 ]

22:10 Prineha Narang, California Institute of Technology, “First principles calculations for sur-
face plasmon decay dynamics in nanostructured systems” [ 226 ]

Breakout Session 2: Active Plasmonics and Nanolasing.
Location: Magpie A — Ortwin Hess, Chair

20:50 Rupert Oulton, Imperial College London, “Ultrafast plasmonic lasers at the surface plas-
mon frequency” [ 234 ]

21:10 Greg Sun, University of Massachusetts, Boston, “Practicality of enhancement and spasing
with metal nanoparticles” [ 284 ]

21:30 Shangjr (Felix) Gwo, National Tsing-Hua University, “Novel Aspects of Plasmonic
Nanolasers: Size, Lasing Threshold, and Emission Bandwidth” [ 144 ]

21:50 Alexandre Delga, Universidad Autonoma de Madrid, “Quenching revisited: theory of
strong coupling between quantum emitters and metal nanostructures” [ 114 ]

22:10

Breakout Session 3: Ultracold atoms and molecules.
Location: Magpie B — Svetlana Malinovskaya, Chair

20:50 Lincoln Carr, Colorado School of Mines, “Ultracold Molecules in Crystals of Light: A
Highly Tunable System for Exploring Novel Materials, Quantum Dynamics, and Quantum
Complexity” [ 95 ]

21:10 Andrei Derevianko, University of Nevada, Reno, “Divalent Rydberg atoms in optical
lattices as a platform for attaining massive entanglement” [ 116 ]

21:30 H. R. Sadeghpour, ITAMP, Harvard-Smithsonian CfA, “How an electron may catch an
atom, a molecule; or an entire BEC?” [ 259 ]

21:50 Juha Javanainen, University of Connecticut, “Traditional optics fails for cold dense gases”
[ 167 ]

22:10
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Breakout Session 4: Optics of graphene and 2D materials beyond graphene.
Location: Wasatch A — Alexey Belyanin, Chair

20:50 Junichiro Kono, Rice University, “Terahertz Science and Technology of Carbon Nanoma-
terials” [ 182 ]

21:10 Tony Heinz, Columbia University, “Optical properties of atomically thin semiconductors
and heterostructures” [ 151 ]

21:30 Andreas Knorr, Technical University Berlin, “Microscopic Theory of Electron Kinetics
and Ultrafast Optics of 2D-Materials” [ 178 ]

21:50 Xiaodong Xu, University of Washington, “Spin and pseudospins in 2D semiconductors
and heterostructures” [ 311 ]

22:10

Tuesday, January 6 2015

Tuesday Morning Plenary Session 1
Location: Ballroom 1 and 2 — Danielle Braje, Chair

7:30 Vladislav Yakovlev, Texas A&M University, “Seeing cells in a new light” [ 312 ]

8:00 Warwick Bowen, University of Queensland, “Quantum optomechanics” [ 87 ]

8:30 Dawei Wang, Texas A&M University, “Single-photon Superradiance: Yesterday, Today
and Tomorrow” [ 301 ]

Tuesday Morning Invited Session 1

Breakout Session 1: Back Scattering.
Location: Ballroom 1 — Vladislav Yakovlev, Chair

9:10 Brett Hokr, Texas A&M University, “Random lasing via a Raman transition” [ 155 ]

9:30 Joel N. Bixler, Texas A&M University, “Integrating cavity measurements: A new
paradigm in spectroscopic optical characterization” [ 83 ]

9:50 Andrew Traverso, Texas A&M University, “Novel Rabi-Induced Sideband Emission in
Dense Rubidium Vapor” [ 291 ]

10:10 Chris O’Brien, Texas A&M University, “Theory behind: super-radiance and sideband
emission with strong picosecond pumping of dense Rubidium” [ 232 ]
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Breakout Session 2: Quantum nanomaterials and their applications.
Location: Magpie A — Alexander Govorov, Chair

9:10 Maiken H. Mikkelsen, Duke University, “Controlling spontaneous emission rates using a
tunable plasmonic platform” [ 217 ]

9:30 Uwe Kortshagen, University of Minnesota, “Plasmonic Properties of Boron and Phos-
phorous Doped Silicon Nano-crystals produced via Nonthermal Plasma Synthesis” [ 183 ]

9:50 Vasily Astratov, University of North Carolina, Charlotte, “Imaging far beyond the diffrac-
tion limit by dielectric microspheres” [ 72 ]

10:10 Ertugrul Cubukcu, University of Pennsylvania, “Microdisk coupled light emission from
monolayer materials and their thermal limit” [ 108 ]

Breakout Session 3: Quantum optomechanics.
Location: Magpie B — Warwick Bowen, Chair

9:10 Konrad Lehnert, JILA, “Towards a quantum interface between electricity and light”
[ 194 ]

9:30 Florian Marquardt, University of Erlangen, “Topological Phases of Sound and Light”
[ 216 ]

9:50 Laura De Lorenzo, Caltech, “Exploring the Macroscopic Quantum Physics of Motion
with Superfluid 4He” [ 209 ]

10:10 Cindy Regal, JILA, “Observing and studying radiation pressure shot noise on a microme-
chanical membrane” [ 253 ]

Breakout Session 4: Coherent control of complex systems.
Location: Wasatch A — Tamar Seideman, Chair

9:10 Chitra Rangan, University of Windsor, Canada, “Surface-enhanced quantum control”
[ 247 ]

9:30 Boris Fainberg, Holon Institute of Technology and Tel Aviv University, “Photon- and
Plasmon-Assisted Tunneling through Molecular Conduction Junctions with Graphene Elec-
trodes” [ 126 ]

9:50 Thomas Weinacht, Stony Brook University, “Quantum Control of Strong Field Ioniza-
tion” [ 304 ]

10:10 Valery Milner, UBC, “Molecular Stopwatches and Cogwheels: Classical-like Rotation of
Molecular Superrotors” [ 218 ]

Tuesday Morning Plenary Session 2
Location: Ballroom 1 and 2 — Dudley Herschbach, Chair

10:50 Douglas Stone, Yale University, “Random and Chaotic Lasers: Why They’re Interesting
and What They’re Good For” [ 279 ]

11:20 Gennady Shvets, University of Texas at Austin, “Photonic Topological Insulators: Guid-
ing Electromagnetic Waves Around Sharp Corners” [ 273 ]
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Tuesday Morning Invited Session 2

Breakout Session 1: Random lasers.
Location: Ballroom 1 — Douglas Stone, Chair

12:00 Brandon Redding, Yale University, “Low-Spatial Coherence Chaotic Cavity Laser for
Speckle-Free Full-Field Imaging” [ 252 ]

12:20 Arthur Goetschy, Langevin Institute - ESPCI, “Statistical properties of random lasers:
Toward an ab initio and analytic theory” [ 140 ]

12:40 Chia Wei Hsu, Massachusetts Institute of Technology, “Optical Bound State in the Con-
tinuum and Large-Area Lasing in Periodic Structures” [ 160 ]

Breakout Session 2: Topological phenomena in photonics.
Location: Magpie A — Gennady Shvets, Chair

12:00 Mikael Rechtsman, Technion - Israel Institute of Technology, “Aspects of photonic topo-
logical insulators” [ 251 ]

12:20 Xiang Zhang, University of California, Berkeley, “Photon-Spin Drag Induced Collective
Electron Motions on a Metasurface” [ 324 ]

12:40 Shanhui Fan, Stanford University, “Guiding Light Using Photonic Gauge Potentials”
[ 127 ]

Breakout Session 3: Quantum optomechanics.
Location: Magpie B — Florian Marquardt, Chair

12:00 Ivan Favero, Université Paris Diderot, CNRS, “High frequency nano-optomechanics in
highly dissipative and non-linear regimes” [ 129 ]

12:20

12:40 Roman Schnabel, Universitaet Hamburg, “Observation of generalized optomechanical cou-
pling and cooling on cavity resonance” [ 262 ]

Breakout Session 4: Molecular modulation.
Location: Wasatch A — Miaochan Zhi, Chair

12:00 Alexei Sokolov, Texas A&M University, “Multicolored Femtosecond Pulse Synthesis Using
Coherent Raman Sidebands” [ 275 ]

12:20 Kazumichi Yoshii, University of Electro- Communications, “Generation of a 1.8 fs pulse
train by simply controlling transparent-plate thickness placed on the optical path” [ 320 ]

12:40 Alexandra Zhdanova, Texas A&M University, “Beam shaping and production of vortex
beams in coherent Raman generation” [ 326 ]
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Tuesday Evening Plenary Session
Location: Ballroom 1 and 2 — Philip Hemmer, Chair

19:00 Hui Cao, Yale University, “Coherent Control of Light Transmission and Absorption in
Random Scattering Media” [ 94 ]

19:30 H. Peter Lu, Bowling Green State University, “Single-Molecule Interfacial Electron Trans-
fer Dynamics” [ 210 ]

20:00 Dudley Herschbach, Texas A&M University, “Distinguishing Left- and Righhanded Chi-
ral Molecules” [ 153 ]

Tuesday Evening Invited Session

Breakout Session 1: Light transport and imaging through complex scattering media.
Location: Ballroom 1 — Hui Cao, Chair

20:50 Changhuei Yang, California Institute of Technology, “Deep tissue imaging and analysis
by optical time-reversal” [ 313 ]

21:10 YongKeun (Paul) Park, KAIST, “Scattering superlens: near-field focusing and imaging
exploiting multiple scattering in turbid media” [ 237 ]

21:30 Junjie Yao, Washington University in St. Louis, “Photoacoustic Tomography: Seeing
Clearly at Depths” [ 315 ]

21:50 Rafael Piestun, University of Colorado at Boulder, “Non-invasive imaging through a scat-
tering wall” [ 238 ]

22:10 Mark Havey, Old Dominion University, “Cooperatively enhanced light transmission in
cold atomic matter” [ 149 ]

Breakout Session 2: Topological phenomena in photonics.
Location: Magpie A — Mikael Rechtsman, Chair

20:50 Mohammad Hafezi, Joint Quantum Institute, “Topologically Robust Transport of Pho-
tons in a Synthetic Gauge Field” [ 146 ]

21:10 Michal Lipson, Cornell University, “Effective magnetic field for light on a silicon chip”

21:30 Marin Soljačiç, Massachusetts Institute of Technology, “Topological nature of bound states
in the radiation continuum” [ 276 ]

21:50 Manolis Antonoyiannakis, American Physical Society, “Impact Facts & Impact Factors:
A view from the Physical Review” [ 70 ]

22:10 David R. Smith, Duke University, “Film-Coupled Nanocubes for Enhancing Photody-
namic and Nonlinear Processes” [ 274 ]
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Breakout Session 3: Femtosecond nanoscopy.
Location: Magpie B — H. Peter Lu, Chair

20:50 John Papanikolas, University of North Carolina, “Using Femtosecond Pump-Probe Mi-
croscopy to Visualize Carrier Dynamics in Semiconductor Nanowires” [ 235 ]

21:10 Renee Frontiera, University of Minnesota, “Following plasmon-induced chemical reactions
with ultrafast nanoscale Raman spectroscopies” [ 133 ]

21:30 Libai Huang, Purdue University, “Imaging Energy Transport from the Nano to Mesoscale”
[ 163 ]

21:50 Eric Potma, University of California, Irvine, “Pump-probe spectroscopy in the single
molecule limit” [ 242 ]

22:10 Marcos Dantus, Michigan State University, “Femtosecond nanoplasmonic dephasing of
individual silver nanoparticles” [ 111 ]

Breakout Session 4: Physics of micro- and nanolasers.
Location: Wasatch A — Andrew Shields, Chair

20:50 Frank Jahnke, University of Bremen, “Giant photon bunching and superradiant pulse
emission in quantum-dot nanolasers” [ 166 ]

21:10 Martin Kamp, Universität Würzburg, “Exploring the limits of two photon interference
from coupled quantum dot - microcavity systems” [ 171 ]

21:30 Ingo Fischer, IFISC (UIB-CSIC), “New perspectives on semiconductor lasers with delayed
feedback: dynamics, similarity properties and applications in information processing” [ 132 ]

21:50 Weng Chow, Sandia National Laboratories, “Emission rate versus error, and the failure of
g(2)(0) in single-photon generation” [ 102 ]

22:10 Stephan Reitzenstein, Technische Universität Berlin, “On the threshold behavior of high-
β microlasers operating in the single emitter regime” [ 256 ]

Wednesday, January 7 2015

Wednesday Morning Plenary Session 1
Location: Ballroom 1 and 2 — Mark Raizen, Chair

7:30 Alexander Gaeta, Cornell University, “Microresonator-Based Frequency Combs” [ 135 ]

8:00 Jonathan P. Dowling, Louisiana State University, “The Computational Complexity of
Passive Linear Optics” [ 121 ]

8:30 Andrew Shields, Toshiba Research Europe, “Quantum Communications with Semicon-
ductor Devices” [ 270 ]
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Wednesday Morning Invited Session 1

Breakout Session 1: Hot Electron Science III.
Location: Ballroom 1 — Martin Moskovits, Chair

9:10 Zheyu Fang, Peking University, “Plasmonic Hot Electron Doping of 2D Materials” [ 128 ]

9:30 Richard Haglund, Vanderbilt University, “Plasmon and Hot-Electron Interactions with
Phase-Changing VO2” [ 147 ]

9:50 Stefan Maier, Imperial College London, “Hybrid materials systems for nanophotonics from
the visible to the mid--infrared: Materials considerations, nonlinear optics, and sensing”
[ 212 ]

10:10 Wei David Wei, University of Florida, “Prolonged Hot Electron Dynamics in Plasmonic
Metal-Semiconductor (Au-TiO2) Heterostructures with Implications for Solar Photocataly-
sis” [ 303 ]

Breakout Session 2: Frequency combs.
Location: Magpie A — Alexander Gaeta, Chair

9:10 Scott Papp, NIST, “Coherent octave-span microresonator frequency combs” [ 236 ]

9:30 Marko Loncar, Harvard University, “Diamond Frequency Combs” [ 208 ]

9:50 Andrew Weiner, Purdue University, “Frequency combs from normal dispersion silicon
nitride microresonators” [ 305 ]

10:10 Hong Tang, Yale University, “Optical Frequency Comb Generation in Aluminum Nitride
Microresonator” [ 287 ]

Breakout Session 3: The computational complexity of passive linear optics.
Location: Magpie B — Jonathan P. Dowling, Chair

9:10 Jens Eisert, FU Berlin, “Boson sampling and the reliable quantum certification for pho-
tonic quantum devices” [ 124 ]

9:30 Hubert de Guise, Lakehead University, “Immanants and partial indistinguishability”
[ 143 ]

9:50 Keith R. Motes, Macquarie University, “Boson-sampling with non-Fock states” [ 222 ]

10:10 Austin Lund, The University of Queensland, “Boson Sampling from Gaussian states”
[ 211 ]
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Breakout Session 4: Quantum optics in semiconductor nanostructures.
Location: Wasatch A — Stephan Reitzenstein, Chair

9:10 Jonathan Finley, Walter Schottky Institut, “Ultrafast quantum state preparation and
control in individual optically active quantum dots” [ 131 ]

9:30 Armando Rastelli, JKU Linz, Austria, “Towards scalable sources of entangled-photon-
pairs based on semiconductor quantum dots” [ 249 ]

9:50 Stephen Hughes, Queen’s University, Canada, “Spontaneous emission from quantum dots
beyond Fermi’s golden rule” [ 165 ]

10:10 Mete Atature, University of Cambridge, “Observation of Squeezing in Resonance Fluo-
rescence” [ 73 ]

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

10:50 Marlan O. Scully, Baylor, Princeton, Texas A&M, “Presentation of the 2015 Willis E.
Lamb Award for Laser Science and Quantum Optics”

11:20 Harald Schwefel, Max-Planck-Institut für die Physik des Lichtes, “Nonlinear frequency
conversion in WGM resonators” [ 263 ]

Wednesday Morning Invited Session 2

Breakout Session 1: Translational research: from the laboratory to real-life applica-
tions.
Location: Ballroom 1 — Alexandra Zhdanova, Chair

12:00 Mark Raizen, University of Texas at Austin, “Magnetically Activated and Guided Isotope
Separation (MAGIS)” [ 246 ]

12:20 Kirk Dorius, Pointsman Foundation, “Isotopes for Medical and Scientific Research at the
Pointsman Foundation” [ 120 ]

12:40 Peter D. Keefe, University of Detroit, Mercy, “Can a Quantum Heat Engine Be Demo-
nized” [ 172 ]

Breakout Session 2: Non-linear frequency conversion in WGM resonators.
Location: Magpie A — Florian Sedlmeir, Chair

12:00 Christoph Marquardt, Max Planck Institute for the Science of Light, “Adressing Rb and
Cs atomic transitions with a single tunable narrowband photon-pair source” [ 215 ]

12:20 Lan Yang, Washington University in St. Louis, “Whispering-Gallery-Mode optical res-
onators around an exceptional point” [ 314 ]

12:40 Kerry Vahala, California Institute of Technology, “Stable Microwave Synthesis Using
High-Q Microcavities” [ 295 ]
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Breakout Session 3: Novel Optics.
Location: Magpie B — Luqi Yuan, Chair

12:00 Michael Holmes, Montana Instruments, “Demonstration of a turn-key ultra-stable cryo-
microscope for variable temperature Raman spectroscopy” [ 156 ]

12:20 Zeyang Liao, Texas A&M University, “Single photon modulation by the collective many-
body effects” [ 202 ]

12:40 Zhenhuan Yi, Texas A&M University, “Radiation from Strongly Pumped Dense Rubidium
Vapor” [ 316 ]

Breakout Session 4: Biological applications.
Location: Wasatch A — Dmitri Voronine, Chair

12:00 Philip Hemmer, Texas A&M University, “Bio-sensing and super-resolution with color
centers in diamond” [ 152 ]

12:20 Hyungsik Lim, Hunter College of the CUNY, “Probing Molecular Conformations by Sec-
ond Harmonic Generation” [ 204 ]

12:40 Jeremy Kunz, Baylor University, “Detection of Plant Sress using Laser-Induced Break-
down Spectroscopy” [ 189 ]

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

19:00 Pavel Polynkin, University of Arizona, “Remote atmospheric lasing” [ 240 ]

19:30 Hakan E. Tureci, Princeton University, “Far-from equilibrium phenomena at light-matter
interfaces” [ 294 ]

20:00 John Bowers, University of California, Santa Barbara, “Silicon Photonics” [ 88 ]

Wednesday Evening Invited Session

Breakout Session 1: Remote atmospheric lasing and laser filamentation.
Location: Ballroom 1 — Pavel Polynkin, Chair

20:50 André Mysyrowicz, LOA ENSTA, “Backward lasing from femtosecond filaments” [ 224 ]

21:10 Robert J. Levis, Temple University, “Impulsive rotational and vibrational sensing using
femtosecond laser filamentation” [ 197 ]

21:30 Andrius Baltuska, TU Vienna, “Nonlinear self-compression of few-cycle millijoule mid-IR
pulses and their filamentation in ambient air” [ 74 ]

21:50 Ya Cheng, Shanghai Institute of Optics and Fine Mechanics, “Cavityless lasing actions in
tunnel-ionized molecules” [ 100 ]

22:10 Luc Bergé, CEA - France, “Numerical experiments of laser-driven THz emissions” [ 79 ]
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Breakout Session 2: Non-linear frequency conversion in WGM resonators.
Location: Magpie A — Harald Schwefel, Chair

20:50 Florian Sedlmeir, Max Planck Institute for the Science of Light, “Efficient up- and down-
conversion of microwave signals into the optical regime using whispering gallery mode res-
onators” [ 267 ]

21:10 Michael Geiselmann, EPFL, “Optical microresonator based frequency combs: From Soli-
ton Induced Cherenkov Radiation to Counting the Cycles of Light” [ 136 ]

21:30 Yuping Huang, Stevens Institute of Technology, “All-Optical Logical Operations via Quan-
tum Zeno Effect” [ 164 ]

21:50 Dmitry Strekalov, JPL, “Sum-frequency generation and quantum Zeno blockade in Whis-
pering Gallery Mode resonators” [ 281 ]

22:10 Mikhail Sumetsky, Aston University, “Fundamentals and applications of Surface
Nanoscale Axial Photonics (SNAP)” [ 283 ]

Breakout Session 3: Many body phenomena in coupled light-matter systems.
Location: Magpie B — Hakan E. Tureci, Chair

20:50 Martin Weitz, Univ. Bonn, “Thermalization Kinetics of Light: Observing the Lasing to
Bose-Einstein Condensation Crossover” [ 306 ]

21:10 Jacqueline Bloch, LPN/CNRS, “Cavity polaritons in lattices” [ 84 ]

21:30 Jake Taylor, JQI/NIST, “Building fractional quantum Hall states with light” [ 288 ]

21:50 Tobias Donner, ETH Zurich, “Measuring the dynamic structure factor of a long-range
interacting quantum gas with quantum optical tools” [ 119 ]

22:10 Jonathan Keeling, University of St Andrews, “From weak to ultra-strong matter-light
coupling with organic materials” [ 173 ]

Breakout Session 4: Semiconductor laser physics.
Location: Wasatch A — John Bowers, Chair

20:50 Ursula Keller, ETH Zurich, “MIXSEL: a novel ultrafast semiconductor laser” [ 174 ]

21:10 Johann Peter Reithmaier, INA, University of Kassel, “InP based high-gain QD material
for high-speed and narrow linewidth applications” [ 255 ]

21:30 Gadi Eisenstein, Technion - Israel Institute of Technology, “Coherent Interactions in Elec-
trically Driven Quantum Dot Optical Amplifiers Operating at Room Temperature” [ 123 ]

21:50 Kent Choquette, University of Illinois, “Control of Phased Microcavity Laser Array Co-
herence” [ 101 ]

22:10 J. Gary Eden, University of Illinois, “Hybrid Quantum Dot/Fiber Lasers and Optoplas-
monic Amplifiers” [ 122 ]
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Thursday, January 8 2015

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

7:30 Mark Brongersma, Stanford University, “Subwavelength and Nanostructured Photode-
tectors” [ 91 ]

8:00 Anton Zeilinger, University of Vienna, Austrian Academy of Sciences, “Quantum and
Classical Experiments with Orbital Angular Momentum of Light” [ 323 ]

8:30 Steven Cundiff, JILA, “Optical Multidimensional Coherent Spectroscopy” [ 109 ]

Thursday Morning Invited Session 1

Breakout Session 1: Hot Electron Science IV.
Location: Ballroom 1 — Mark Brongersma, Chair

9:10 Naomi J. Halas, Rice University, “Molecular Plasmons: Graphene Plasmonics in the
Picoscale Limit” [ 148 ]

9:30 Tim Lian, Emory University, “Efficient Plasmon-Induced Hot Electron Transfer and Pho-
tochemistry in Semiconductor-Au Nanoheterostructures” [ 201 ]

9:50 Eric Borguet, Temple University, “Plasmonic Detection of Simple Molecules and Ions with
Gold Nanostructures” [ 85 ]

10:10 Phillip Christopher, University of California, Riverside, “Controlling surface chemistry
with hot electrons and localized electronic transitions” [ 103 ]

Breakout Session 2: Quantum and classical applications of orbital angular momentum
of light.
Location: Magpie A — Anton Zeilinger, Chair

9:10 Robert Boyd, University of Ottawa and University of Rochester, “Observation of Optical
Polarization Möbius Strips” [ 89 ]

9:30 Alan Willner, University of Southern California, “Optical Communications using Multi-
plexing of Multiple Orbital-Angular-Momentum Beams” [ 308 ]

9:50 Jonathan Leach, Heriot-Watt Univeristy, “Measuring large-scale quantum states with
non-Hermitian operators” [ 192 ]

10:10 Mehul Malik, University of Vienna, Austrian Academy of Sciences, “Towards quantum
communication with more than 4 bits/photon: sending information with twisted light”
[ 213 ]
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Breakout Session 3: Novel Optics.
Location: Magpie B — Fuli Li, Chair

9:10 Miaochan Zhi, NIST, “Femtosecond Optical Kerr Effect spectroscopy on glass forming
liquids” [ 328 ]

9:30 Leon Cohen, City University of New York, “Propagation of Pulses and Noise Using Modes
in Phase Space” [ 106 ]

9:50 Vaclav Spicka, Institute of Physics, Czech Academy of Sciences, “Fluctuation-dissipation
theorem and fast dynamics of molecular bridges” [ 278 ]

10:10 Gavriil Shchedrin, Texas A&M University, “Self-Induced Transparency in V and Lambda
Systems” [ 268 ]

Breakout Session 4: Optical multidimensional coherent spectroscopy.
Location: Wasatch A — Steven Cundiff, Chair

9:10 Michael Raymer, University of Oregon, “Ultrafast 2D Fluorescence Spectroscopy using
Spectrally Entangled Photon Pairs” [ 250 ]

9:30 Xiaoqin (Elaine) Li, University of Texas at Austin, “Intrinsic Quantum Dynamics of
Excitons in Monolayer WSe2” [ 200 ]

9:50 Jeff Davis, Swinburne University of Technology, “Coherent Dynamics in Semiconductor
Double Quantum Wells using Coherent Multi-dimensional Spectroscopy with Spectrally
Shaped Pulses” [ 112 ]

10:10 Hebin Li, Florida International University, “Probing Dipole-Dipole Interactions in a Dilute
Rubidium Vapor via Double-Quantum 2D Coherent Spectroscopy” [ 199 ]

Thursday Morning Plenary Session 2
Location: Ballroom 1 and 2 — Wolfgang Schleich, Chair

10:50 Maria Chekhova, Max-Planck Institute for the Science of Light, “Nonlinear interferome-
ters” [ 98 ]

11:20 Leonid Krivitsky, Data Storage Institute, Singapore, “Quantum effects in Biology” [ 184 ]

Thursday Morning Invited Session 2

Breakout Session 1: Quantum sensing.
Location: Ballroom 1 — George Welch, Chair

12:00 Frank Narducci, Naval Air Systems Command, “Dynamical Decoupling for Sensing Ap-
plications” [ 227 ]

12:20 Philippe Bouyer, CNRS - Institut d’Optique, “Large scale atom interferometers for grav-
itation experiments” [ 86 ]

12:40 Ernst Rasel, Leibniz University Hannover, “BEC Interferometry” [ 248 ]
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Breakout Session 2: Non-linear interferometers.
Location: Magpie A — Maria Chekhova, Chair

12:00 Zheyu Jeff Ou, Indiana-Purdue University, “Hybrid Atom-Light Interferometers” [ 233 ]

12:20 Gabriela Barreto Lemos, Vienna Center for Quantum Science and Technology (VCQ),
“Quantum Imaging with Undetected Photons” [ 195 ]

12:40 Travis Horrom, NIST, “SU(1,1) interferometry via four-wave mixing in Rb” [ 158 ]

Breakout Session 3: Novel Optics.
Location: Magpie B — Shi-Yao Zhu, Chair

12:00 Ildar Gabitov, University of Arizona, “Polarization effects in split ring-Josephson junc-
tions based meta-surfaces” [ 134 ]

12:20 Evgenii Narimanov, Purdue University, “Photonic Hypercrystals” [ 228 ]

12:40 Andrei Piryatinski, Los Alamos National Laboratory, “Exciton Dynamics and Emission
Properties in Semiconductor Carbon Nanotubes Influenced by Localized Surface-Plasmon
Mode” [ 239 ]

Breakout Session 4: Quantum effects in biology.
Location: Wasatch A — Leonid Krivitsky, Chair

12:00 Timur Tscherbul, University of Toronto, “Long-lived coherences in multilevel quantum
systems under weak-field incoherent excitation: Analytical and numerical results” [ 293 ]

12:20 Iannis Kominis, University of Crete, “The radical-pair mechanism as a paradigm for the
emerging science of quantum biology” [ 181 ]

12:40 Hui Dong, University of California, Berkeley, “Asymptotic decoherence free subspace in
strongly-coupled light-harvesting complexes” [ 118 ]

Thursday Afternoon Plenary Session
Location: Ballroom 1 and 2 — Alexei Sokolov, Chair

14:30 Marlan O. Scully, Baylor, Princeton, Texas A&M, “Biological Quantum Heat Engines”
[ 264 ]

15:00 Wolfgang Schleich, Ulm University/ Texas A&M, “On the frequency-difference resonance:
an elementary analysis” [ 261 ]
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Thursday Afternoon Invited Session

Breakout Session 1: QASER.
Location: Ballroom 1 — Yuri Rostovtsev, Chair

15:40 Yifu Zhu, Florida International University, “Nonlinear cavity quantum electrodynamics:
interference induced excitation of three-photon ladder state” [ 332 ]

16:00 Anatoly Svidzinsky, Texas A&M University, “QASER: from radio frequencies to optical
domain” [ 285 ]

16:20 Luqi Yuan, Texas A&M University, “QASER: detailed analysis and further developments”
[ 321 ]

16:40 Luojia Wang, Texas A&M and Baylor University, “Simulation of QASER in dense Ru-
bidium with picosecond pumping” [ 302 ]

Breakout Session 2: Quantum interference effects in atomic systems.
Location: Magpie A — Hebin Li, Chair

15:40 Shi-Yao Zhu, Beijing Computational Science Research Center, “An ideal experiment to
determine the ‘past of a particle’ in the nested Mach-Zehnder Interferometer” [ 331 ]

16:00 Yanhong Xiao, Fudan University, “Unitary spin squeezing by interference-based quantum
erasure” [ 310 ]

16:20 Fuli Li, Xi’an Jiaotong University, “Super sub-wavelength patterns in photon coincidence
detection” [ 198 ]

16:40 Stefano M. Cavaletto, MPI-K Heidelberg, “X-ray frequency combs via optical quantum
control” [ 96 ]

Breakout Session 3: Novel Optics.
Location: Magpie B — Pankaj Jha, Chair

15:40 Vincenzo Tamma, Ulm University, “Boson sampling in time with input bosons of arbi-
trary spectra” [ 286 ]

16:00 Danielle Braje, MIT-LL, “Vector Magnetometry with Solid-State, Nitrogen Vacancy Cen-
ters in Diamond” [ 90 ]

16:20 John Reintjes, Sotera Defense Solutions, “Considerations on an Optical Test of the Popper
Conjecture” [ 254 ]

16:40 Xiaobo Yin, University of Colorado, “Nonlinear Spectroscopy of Symmetry Breaking 2D
Semiconductor Atomic Monolayer” [ 318 ]
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Breakout Session 4: Nano structures and photonics.
Location: Wasatch A — Gavriil Shchedrin, Chair

15:40 Matthew Gilbert, University of Illinois, “Classifying Topological Phases in Photonic
Crystals” [ 139 ]

16:00 Yoonkyung Eunnie Lee, Massachusetts Institute of Technology, “Optical Torque from
Enhanced Scattering by Multipolar Plasmonic Resonance” [ 193 ]

16:20 Norbert Kroó, Hungarian Academy of Sciences, “electron pairing...” [ 186 ]

16:40 Anton Malko, The University of Texas at Dallas, “Plasmonic Giant Semiconductor
Nanocrystals with Enhanced Light Output for Simultaneous Optical Imaging and Pho-
tothermal Heating” [ 214 ]

Thursday Evening Plenary Session
Location: Ballroom 1 and 2 — Mark Havey, Chair

19:00 Gershon Kurizki, Weizmann Institute of Science, “Quantum Heat Machines: How Does
Quantumness Help?” [ 190 ]

19:30 Goëry Genty, Tampere University of Technology, Finland, “Extreme localisation of light
in optical systems” [ 138 ]

20:00 Bruce Tromberg, University of California, Irvine, “Medical Imaging with Optics and
Photonics” [ 292 ]

Thursday Evening Invited Session

Breakout Session 1: Extreme localisation of light in optical systems.
Location: Ballroom 1 — Goëry Genty, Chair

20:50 Miro Erkintalo, The University of Auckland, “Exploding solitons in passively mode-locked
fibre lasers” [ 125 ]

21:10 Stephane Barland, INLN, “Localized states and solitons in delayed dynamical systems”
[ 76 ]

21:30 Marco Leonetti, Italian Institute of Technology, “Adaptive and nonlinear optics in disor-
dered optical fibers supporting transverse localization” [ 196 ]

21:50 Alex Kudlinski, Univ. Lille 1 - France, “Nonlinear optics in axially-varying optical fibers”
[ 187 ]
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Breakout Session 2: Quantum heat machines.
Location: Magpie A — Gershon Kurizki, Chair

20:50 Nir Bar-Gill, Hebrew University, “Efficient cooling of a spin-bath using a single controlled
spin” [ 75 ]

21:10 Adolfo del Campo, University of Massachusetts, Boston, “Shortcuts to Adiabaticity in
Quantum Thermodynamics” [ 93 ]

21:30 David Gelbwaser, Harvard University, “Quantum state as a thermodynamic resource”
[ 137 ]

21:50 Wolfgang Niedenzu, Weizmann Institute of Science, “Power enhancement of heat engines
via correlated thermalisation in multilevel systems” [ 230 ]

Breakout Session 3: Novel Optics.
Location: Magpie B — Anatoly Svidzinski, Chair

20:50 Barak Dayan, Weizmann Institute of Science, “Demonstration of deterministic photon-
photon interactions based on a single atom for all-optical, scalable quantum networks” [ 113 ]

21:10 Yuri Rostovtsev, University of North Texas, “Temporal and Spatial Coherence and its
Applications” [ 257 ]

21:30 Tian Ming, Massachusetts Institute of Technology, “Plasmonic nanocavity: how small can
it be?” [ 219 ]

21:50 Pankaj Jha, University of California, Berkeley, “Quantum Vacuum Engineering with
Metasurface over Macroscopic Distances” [ 168 ]

Breakout Session 4: Biophotonics.
Location: Wasatch A — Bruce Tromberg, Chair

20:50 Marcus T. Cicerone, NIST, “Broadband Coherent Raman Imaging – Future and Appli-
cations” [ 104 ]

21:10 Arjun G. Yodh, University of Pennsylvania, “Functional Monitoring of Cerebral Hemo-
dynamics in Brain with Diffuse Light” [ 319 ]

21:30 Charles H. Camp Jr., NIST, “Correcting Errors in Phase Retrieval for Quantitative
Coherent Anti--Stokes Raman Scattering (CARS) Spectroscopy” [ 169 ]

21:50
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6.3 Poster session

5:30–7:00 p.m., Thursday, January 8, 2015.

Narangerel Altangerel, Texas A&M University
“Raman Spectroscopic study of plant stress in vivo” [ 66 ]

Caroline Amiot, Tampere University of Technology, Finland
“Incoherent Broadband Cavity Enhanced Absorption Spectroscopy with a Supercontinuum Source” [ 67 ]

Jun Ando, Osaka University
“Alkyne-tag Raman imaging of biomolecules” [ 69 ]

G.O. Ariunbold, Texas A&M University
“Raman Spectroscopic Study Of Metastatic Porcine Skin Tumors” [ 71 ]

Jonathan Ben-Benjamin, City University of New York
“Equations of motion for rays as particles in a Snell’s law medium” [ 78 ]

Blake Birmingham, Baylor University
“Kinetics of Ag Islands on Ag(111) studied via Scanning Tunneling Microscopy” [ 82 ]

Han Cai, Texas A&M University
“Collective Lamb Shift induced Quantum Tunneling in High Order Nonlinearity” [ 92 ]

Alexander Cerjan, Yale University
“Quantitative test of general theories of the intrinsic laser linewidth” [ 97 ]

Hannah Clevenson, Massachusetts Institute of Technology
“Light Trapping Diamond Waveguide for Sensing Applications” [ 105 ]

Sara Desavage, NAWC-AD
“Exploring Stimulated Raman Processes in Rb85 using Dual Amplitude Pulses” [ 117 ]

Zbigniew Ficek, KACST, Saudi Arabia
“Image technique for atoms interacting with negative index materials” [ 130 ]

Michael Holmes, Montana Instruments
“Demonstration of a turn-key ultra-stable cryo-microscope for variable temperature Raman spectroscopy” [ 157 ]

Chia Wei Hsu, Massachusetts Institute of Technology
“Optical Bound State in the Continuum and its Topological Nature” [ 161 ]

Cheng-Wei Huang, Texas A&M University
“Qaser in an optomechanical system” [ 162 ]

Jarno Järvinen, University of Turku, Finland
“Control of 29Si and 31P nuclear spins in silicon below 1K and in high magnetic field” [ 170 ]

Barnabas Kim, Texas A&M University
“Thermodynamics in Bose Gas” [ 176 ]

Sebastian Knitter, Yale University
“Topological defect lasers” [ 177 ]

Leonid Krivitsky, Data Storage Institute, Singapore
“Quantum Refractometer” [ 185 ]

Vikram Kulkarni, Rice University
“Plasmon-induced hot carriers in metallic nanoparticles” [ 188 ]

Steven Lanier, University of North Texas
“QASAR: Low Frequency Driver” [ 191 ]

Zachary Liege, Baylor University
“Investigation of SERS Mechanisms using AFM/Raman Imaging” [ 203 ]
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Feng Lin, Peking University, China
“Optical spin-orbit interaction in plasmonic structures” [ 205 ]

Chuanhong Liu, Texas A&M University
“Resolving Spectral Congestion in Time-Resolved SECARS using Compressive Sensing” [ 206 ]

Xiaohan Liu, Texas A&M University
“Resonance Effects in Surface-Enhanced Coherent Raman Spectrocopy” [ 207 ]

Todd Moulder, Louisiana State University
“Exploiting Boson Probability Distributions in Staggered Beam Splitter Arrays” [ 223 ]

Alfredo Rueda, MPL Erlangen
“Efficiency in WGM electro-optic modulators: detuning and spectral properties”

Marlan O. Scully, Baylor, Princeton, Texas A&M
“The QASER revisited*: insights gleaned from analytical solutions to simple models” [ 265 ]

Robert Scully, Texas A&M University
“Agri-Bio-Photonics” [ 266 ]

Yujie Shen, Texas A&M University
“Single beam coherent anti-Stokes Raman scattering with a spectral hole” [ 269 ]

Anton Shutov, Texas A&M University
“All-collinear FAST CARS on gases” [ 271 ]

Maria Shutova, Texas A&M University
“Synthesis of optical vortices in multi-order Raman sideband generation” [ 272 ]

Elodie Strupiechonski, Baylor/Harvard
“Active Metasurfaces for Terahertz Quantum Cascade lasers: Simultaneous control of the polarization state and
beam directivity” [ 282 ]

Jonathan Thompson, Texas A&M University
“Fighting scattering with phase beam shaping” [ 290 ]

Philip A. Vetter, Princeton, Baylor, TAMU
“Single Photon Superradiance Revisited: Expanding the Analysis of Subradiant States” [ 297 ]

Wilton L. Virgo, Texas A&M University
“The Periodic Table of Correlation Energy” [ 298 ]

Dmitri Voronine, Texas A&M and Baylor University
“Biological Quantum Heat Engines” [ 299 ]

George R. Welch, Texas A&M University

Hui Xia, Texas A&M and Princeton University
“Probing near the zero susceptibility wavelength in high density rubidium vapor” [ 309 ]

Zhenhuan Yi, Texas A&M University
“Towards Cooperative Resonance Effects in Rubidium Vapor” [ 317 ]

Alexandra Zhdanova, Texas A&M University
“Towards Synthesis of Ultrafast Waveforms using Coherent Raman Sidebands” [ 327 ]

Peter Zhokhov, Texas A&M University
“Solid-state plasma generation and manipulation at sub-femtosecond time scales” [ 329 ]

Yiyu Zhou, Texas A&M University
“Quantum-Coherence-Controlled Nanolaser Dynamics” [ 330 ]

Matthias Zimmermann, Ulm University
“T-interferometer for precise measurements” [ 333 ]
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Timur Akhmedzhanov, Texas A&M University
Monday morning, second invited session, abstract on page 65
“Train of ultrashort pulses formation via switching of the resonant interaction between XUV
radiation and atoms by tunnel ionization”

Nikola Alic, University of California, San Diego
No presentation

Narangerel Altangerel, Texas A&M University
Poster Session, abstract on page 66
“Raman Spectroscopic study of plant stress in vivo”

Caroline Amiot, Tampere University of Technology, Finland
Poster Session, abstract on page 67
“Incoherent Broadband Cavity Enhanced Absorption Spectroscopy with a Supercontinuum
Source”

Jun Ando, Osaka University
Monday morning, first invited session, abstract on page 68
“High-resolution hyperspectral Raman imaging”

Jun Ando, Osaka University
Poster Session, abstract on page 69
“Alkyne-tag Raman imaging of biomolecules”

Manolis Antonoyiannakis, American Physical Society
Tuesday evening invited session, abstract on page 70
“Impact Facts & Impact Factors: A view from the Physical Review”

G.O. Ariunbold, Texas A&M University
Poster Session, abstract on page 71
“Raman Spectroscopic Study Of Metastatic Porcine Skin Tumors”

Vasily Astratov, University of North Carolina, Charlotte
Tuesday morning, first invited session, abstract on page 72
“Imaging far beyond the diffraction limit by dielectric microspheres”

Mete Atature, University of Cambridge
Wednesday morning, second invited session, abstract on page 73
“Observation of Squeezing in Resonance Fluorescence”

Andrius Baltuska, TU Vienna
Wednesday evening invited session, abstract on page 74
“Nonlinear self-compression of few-cycle millijoule mid-IR pulses and their filamentation in
ambient air”

Nir Bar-Gill, Hebrew University
Thursday evening invited session, abstract on page 75
“Efficient cooling of a spin-bath using a single controlled spin”

Stephane Barland, INLN
Thursday evening invited session, abstract on page 76
“Localized states and solitons in delayed dynamical systems”
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Alexey Belyanin, Texas A&M University
Monday evening plenary session, abstract on page 77
“Optics of graphene and 2D materials beyond graphene”

Jonathan Ben-Benjamin, City University of New York
Poster Session, abstract on page 78
“Equations of motion for rays as particles in a Snell’s law medium”

Luc Bergé, CEA - France
Wednesday evening invited session, abstract on page 79
“Numerical experiments of laser-driven THz emissions”

Pierre Berini, University of Ottawa
Monday evening invited session, abstract on page 80
“Surface plasmon enhanced optoelectronics”

Robert Bettles, Durham University, UK
Monday morning, second invited session, abstract on page 81
“Collective response of microscopic ensembles of atomic dipoles”

Blake Birmingham, Baylor University
Poster Session, abstract on page 82
“Kinetics of Ag Islands on Ag(111) studied via Scanning Tunneling Microscopy”

Joel N. Bixler, Texas A&M University
Tuesday morning, first invited session, abstract on page 83
“Integrating cavity measurements: A new paradigm in spectroscopic optical characterization”

Jacqueline Bloch, LPN/CNRS
Wednesday evening invited session, abstract on page 84
“Cavity polaritons in lattices”

Eric Borguet, Temple University
Thursday morning, first invited session, abstract on page 85
“Plasmonic Detection of Simple Molecules and Ions with Gold Nanostructures”

Philippe Bouyer, CNRS - Institut d’Optique
Thursday morning, second invited session, abstract on page 86
“Large scale atom interferometers for gravitation experiments”

Warwick Bowen, University of Queensland
Tuesday morning, first plenary session, abstract on page 87
“Quantum optomechanics”

John Bowers, University of California, Santa Barbara
Wednesday evening plenary session, abstract on page 88
“Silicon Photonics”

Robert Boyd, University of Ottawa and University of Rochester
Thursday morning, first invited session, abstract on page 89
“Observation of Optical Polarization Möbius Strips”

Danielle Braje, MIT-LL
Thursday afternoon invited session, abstract on page 90
“Vector Magnetometry with Solid-State, Nitrogen Vacancy Centers in Diamond”
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Mark Brongersma, Stanford University
Thursday morning, first plenary session, abstract on page 91
“Subwavelength and Nanostructured Photodetectors”

Han Cai, Texas A&M University
Poster Session, abstract on page 92
“Collective Lamb Shift induced Quantum Tunneling in High Order Nonlinearity”

Adolfo del Campo, University of Massachusetts, Boston
Thursday evening invited session, abstract on page 93
“Shortcuts to Adiabaticity in Quantum Thermodynamics”

Hui Cao, Yale University
Tuesday evening plenary session, abstract on page 94
“Coherent Control of Light Transmission and Absorption in Random Scattering Media”

Lincoln Carr, Colorado School of Mines
Monday evening invited session, abstract on page 95
“Ultracold Molecules in Crystals of Light: A Highly Tunable System for Exploring Novel
Materials, Quantum Dynamics, and Quantum Complexity”

Stefano M. Cavaletto, MPI-K Heidelberg
Thursday afternoon invited session, abstract on page 96
“X-ray frequency combs via optical quantum control”

Alexander Cerjan, Yale University
Poster Session, abstract on page 97
“Quantitative test of general theories of the intrinsic laser linewidth”

Maria Chekhova, Max-Planck Institute for the Science of Light
Thursday morning, second plenary session, abstract on page 98
“Nonlinear interferometers”

Ji-Xin Cheng, Purdue University
Monday morning, first plenary session, abstract on page 99
“Transforming molecular spectroscopy from in vitro to in vivo for biology and medicine”

Ya Cheng, Shanghai Institute of Optics and Fine Mechanics
Wednesday evening invited session, abstract on page 100
“Cavityless lasing actions in tunnel-ionized molecules”

Kent Choquette, University of Illinois
Wednesday evening invited session, abstract on page 101
“Control of Phased Microcavity Laser Array Coherence”

Weng Chow, Sandia National Laboratories
Tuesday evening invited session, abstract on page 102
“Emission rate versus error, and the failure of g(2)(0) in single-photon generation”

Phillip Christopher, University of California, Riverside
Thursday morning, second invited session, abstract on page 103
“Controlling surface chemistry with hot electrons and localized electronic transitions”

Marcus T. Cicerone, NIST
Thursday evening invited session, abstract on page 104
“Broadband Coherent Raman Imaging – Future and Applications”
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Hannah Clevenson, Massachusetts Institute of Technology
Poster Session, abstract on page 105
“Light Trapping Diamond Waveguide for Sensing Applications”

Leon Cohen, City University of New York
Thursday morning, first invited session, abstract on page 106
“Propagation of Pulses and Noise Using Modes in Phase Space”

Steve Cronin, University of Southern California
Monday evening invited session, abstract on page 107
“Plasmon-Enhanced Photocatalysis on TiO2-Passivated III-V Compounds”

Ertugrul Cubukcu, University of Pennsylvania
Tuesday morning, second invited session, abstract on page 108
“Microdisk coupled light emission from monolayer materials and their thermal limit”

Steven Cundiff, JILA
Thursday morning, first plenary session, abstract on page 109
“Optical Multidimensional Coherent Spectroscopy”

Robin Côté, University of Connecticut
Monday evening plenary session, abstract on page 110
“Rydberg Electrons in a Bose-Einstein Condensate”

Marcos Dantus, Michigan State University
Tuesday evening invited session, abstract on page 111
“Femtosecond nanoplasmonic dephasing of individual silver nanoparticles”

Jeff Davis, Swinburne University of Technology
Thursday morning, first invited session, abstract on page 112
“Coherent Dynamics in Semiconductor Double Quantum Wells using Coherent Multi-
dimensional Spectroscopy with Spectrally Shaped Pulses”

Jon Davis, NAVAIR
No presentation

Barak Dayan, Weizmann Institute of Science
Thursday evening invited session, abstract on page 113
“Demonstration of deterministic photon-photon interactions based on a single atom for all-
optical, scalable quantum networks”

Alexandre Delga, Universidad Autonoma de Madrid
Monday evening invited session, abstract on page 114
“Quenching revisited: theory of strong coupling between quantum emitters and metal nanos-
tructures”

Hilmi Volkan Demir, Nanyang Technological University, Singapore & Bilkent University, Turkey
Monday morning, second invited session, abstract on page 115
“High-efficiency nanocomposites of dense quantum dots for high-performance colloidal light-
emitting diodes”

Andrei Derevianko, University of Nevada, Reno
Monday evening invited session, abstract on page 116
“Divalent Rydberg atoms in optical lattices as a platform for attaining massive entangle-
ment”
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Sara Desavage, NAWC-AD
Poster Session, abstract on page 117
“Exploring Stimulated Raman Processes in Rb85 using Dual Amplitude Pulses”

Hui Dong, University of California, Berkeley
Thursday morning, second invited session, abstract on page 118
“Asymptotic decoherence free subspace in strongly-coupled light-harvesting complexes”

Tobias Donner, ETH Zurich
Wednesday evening invited session, abstract on page 119
“Measuring the dynamic structure factor of a long-range interacting quantum gas with quan-
tum optical tools”

Kirk Dorius, Pointsman Foundation
Wednesday morning, second invited session, abstract on page 120
“Isotopes for Medical and Scientific Research at the Pointsman Foundation”

Jonathan P. Dowling, Louisiana State University
Wednesday morning, first plenary session, abstract on page 121
“The Computational Complexity of Passive Linear Optics”

J. Gary Eden, University of Illinois
Wednesday evening invited session, abstract on page 122
“Hybrid Quantum Dot/Fiber Lasers and Optoplasmonic Amplifiers”

Gadi Eisenstein, Technion - Israel Institute of Technology
Wednesday evening invited session, abstract on page 123
“Coherent Interactions in Electrically Driven Quantum Dot Optical Amplifiers Operating at
Room Temperature”

Jens Eisert, FU Berlin
Wednesday morning, first invited session, abstract on page 124
“Boson sampling and the reliable quantum certification for photonic quantum devices”

Miro Erkintalo, The University of Auckland
Thursday evening invited session, abstract on page 125
“Exploding solitons in passively mode-locked fibre lasers”

Boris Fainberg, Holon Institute of Technology and Tel Aviv University
Tuesday morning, first invited session, abstract on page 126
“Photon- and Plasmon-Assisted Tunneling through Molecular Conduction Junctions with
Graphene Electrodes”

Shanhui Fan, Stanford University
Tuesday morning, second invited session, abstract on page 127
“Guiding Light Using Photonic Gauge Potentials”

Zheyu Fang, Peking University
Wednesday morning, first invited session, abstract on page 128
“Plasmonic Hot Electron Doping of 2D Materials”

Ivan Favero, Université Paris Diderot, CNRS
Tuesday morning, second invited session, abstract on page 129
“High frequency nano-optomechanics in highly dissipative and non-linear regimes”
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Zbigniew Ficek, KACST, Saudi Arabia
Poster Session, abstract on page 130
“Image technique for atoms interacting with negative index materials”

Jonathan Finley, Walter Schottky Institut
Wednesday morning, first invited session, abstract on page 131
“Ultrafast quantum state preparation and control in individual optically active quantum dots”

Ingo Fischer, IFISC (UIB-CSIC)
Tuesday evening invited session, abstract on page 132
“New perspectives on semiconductor lasers with delayed feedback: dynamics, similarity prop-
erties and applications in information processing”

Renee Frontiera, University of Minnesota
Tuesday evening invited session, abstract on page 133
“Following plasmon-induced chemical reactions with ultrafast nanoscale Raman spectro-
scopies”

Ildar Gabitov, University of Arizona
Thursday morning, second invited session, abstract on page 134
“Polarization effects in split ring-Josephson junctions based meta-surfaces”

Alexander Gaeta, Cornell University
Wednesday morning, first plenary session, abstract on page 135
“Microresonator-Based Frequency Combs”

Michael Geiselmann, EPFL
Wednesday evening invited session, abstract on page 136
“Optical microresonator based frequency combs: From Soliton Induced Cherenkov Radiation
to Counting the Cycles of Light”

David Gelbwaser, Harvard University
Thursday evening invited session, abstract on page 137
“Quantum state as a thermodynamic resource”

Goëry Genty, Tampere University of Technology, Finland
Thursday evening plenary session, abstract on page 138
“Extreme localisation of light in optical systems”

Matthew Gilbert, University of Illinois
Thursday afternoon invited session, abstract on page 139
“Classifying Topological Phases in Photonic Crystals”

Arthur Goetschy, Langevin Institute - ESPCI
Tuesday morning, second invited session, abstract on page 140
“Statistical properties of random lasers: Toward an ab initio and analytic theory”

Alexander Govorov, Ohio University
Monday morning, second invited session, abstract on page 141
“Hot Plasmonic Electrons, Plasmonic Photochemistry and Heat Generation in Hybrid
Nanostructures”

Stephen K. Gray, Argonne National Laboratory
Monday morning, second invited session, abstract on page 142
“Optically Induced Entanglement in Hybrid Quantum Dot/Plasmon Systems”
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Hubert de Guise, Lakehead University
Wednesday morning, first invited session, abstract on page 143
“Immanants and partial indistinguishability”

Shangjr (Felix) Gwo, National Tsing-Hua University
Monday evening invited session, abstract on page 144
“Novel Aspects of Plasmonic Nanolasers: Size, Lasing Threshold, and Emission Bandwidth”

Johann Haber, DESY
Monday morning, second invited session, abstract on page 145
“Polaritons in Nuclear Optical Lattices”

Mohammad Hafezi, Joint Quantum Institute
Tuesday evening invited session, abstract on page 146
“Topologically Robust Transport of Photons in a Synthetic Gauge Field”

Richard Haglund, Vanderbilt University
Wednesday morning, first invited session, abstract on page 147
“Plasmon and Hot-Electron Interactions with Phase-Changing VO2”

Naomi J. Halas, Rice University
Thursday morning, first invited session, abstract on page 148
“Molecular Plasmons: Graphene Plasmonics in the Picoscale Limit”

Mark Havey, Old Dominion University
Tuesday evening invited session, abstract on page 149
“Cooperatively enhanced light transmission in cold atomic matter”

William Hease, Université Paris Diderot
No presentation

Kilian Heeg, Max Planck Institute for Nuclear Physics
Monday morning, first invited session, abstract on page 150
“Nonlinear Moessbauer physics at an XFEL”

Tony Heinz, Columbia University
Monday evening invited session, abstract on page 151
“Optical properties of atomically thin semiconductors and heterostructures”

Philip Hemmer, Texas A&M University
Wednesday morning, second invited session, abstract on page 152
“Bio-sensing and super-resolution with color centers in diamond”

Dudley Herschbach, Texas A&M University
Tuesday evening plenary session, abstract on page 153
“Distinguishing Left- and Righhanded Chiral Molecules”

Ortwin Hess, Imperial College London
Monday evening plenary session, abstract on page 154
“Stopped-Light Lasing – A Route to Cavity-Free Nanolasing”

Brett Hokr, Texas A&M University
Tuesday morning, first invited session, abstract on page 155
“Random lasing via a Raman transition”
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Michael Holmes, Montana Instruments
Wednesday morning, second invited session, abstract on page 156
“Demonstration of a turn-key ultra-stable cryo-microscope for variable temperature Raman
spectroscopy”

Michael Holmes, Montana Instruments
Poster Session, abstract on page 157
“Demonstration of a turn-key ultra-stable cryo-microscope for variable temperature Raman
spectroscopy”

Travis Horrom, NIST
Thursday morning, second invited session, abstract on page 158
“SU(1,1) interferometry via four-wave mixing in Rb”

John Howell, University of Rochester
Monday morning, second plenary session, abstract on page 159
“Compressive sensing”

Chia Wei Hsu, Massachusetts Institute of Technology
Tuesday morning, second invited session, abstract on page 160
“Optical Bound State in the Continuum and Large-Area Lasing in Periodic Structures”

Chia Wei Hsu, Massachusetts Institute of Technology
Poster Session, abstract on page 161
“Optical Bound State in the Continuum and its Topological Nature”

Cheng-Wei Huang, Texas A&M University
Poster Session, abstract on page 162
“Qaser in an optomechanical system”

Libai Huang, Purdue University
Tuesday evening invited session, abstract on page 163
“Imaging Energy Transport from the Nano to Mesoscale”

Yuping Huang, Stevens Institute of Technology
Wednesday evening invited session, abstract on page 164
“All-Optical Logical Operations via Quantum Zeno Effect”

Stephen Hughes, Queen’s University, Canada
Wednesday morning, first invited session, abstract on page 165
“Spontaneous emission from quantum dots beyond Fermi’s golden rule”

Frank Jahnke, University of Bremen
Tuesday evening invited session, abstract on page 166
“Giant photon bunching and superradiant pulse emission in quantum-dot nanolasers”

Juha Javanainen, University of Connecticut
Monday evening invited session, abstract on page 167
“Traditional optics fails for cold dense gases”

Pankaj Jha, University of California, Berkeley
Thursday evening invited session, abstract on page 168
“Quantum Vacuum Engineering with Metasurface over Macroscopic Distances”

Charles H. Camp Jr., NIST
Thursday evening invited session, abstract on page 169
“Correcting Errors in Phase Retrieval for Quantitative Coherent Anti--Stokes Raman Scat-
tering (CARS) Spectroscopy”
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Jarno Järvinen, University of Turku, Finland
Poster Session, abstract on page 170
“Control of 29Si and 31P nuclear spins in silicon below 1K and in high magnetic field”

Martin Kamp, Universität Würzburg
Tuesday evening invited session, abstract on page 171
“Exploring the limits of two photon interference from coupled quantum dot - microcavity
systems”

Peter D. Keefe, University of Detroit, Mercy
Wednesday morning, second invited session, abstract on page 172
“Can a Quantum Heat Engine Be Demonized”

Jonathan Keeling, University of St Andrews
Wednesday evening invited session, abstract on page 173
“From weak to ultra-strong matter-light coupling with organic materials”

Ursula Keller, ETH Zurich
Wednesday evening invited session, abstract on page 174
“MIXSEL: a novel ultrafast semiconductor laser”

Kevin Kelly, Rice University
Monday morning, second invited session, abstract on page 175
“Development of Compressive Video Imaging and Its Application to Imaging Plasmons”

Barnabas Kim, Texas A&M University
Poster Session, abstract on page 176
“Thermodynamics in Bose Gas”

Sebastian Knitter, Yale University
Poster Session, abstract on page 177
“Topological defect lasers”

Andreas Knorr, Technical University Berlin
Monday evening invited session, abstract on page 178
“Microscopic Theory of Electron Kinetics and Ultrafast Optics of 2D-Materials”

Olga Kocharovskaya, Texas A&M University
Monday morning, first invited session, abstract on page 179
“Coherent control of the gamma-photon waveforms: gamma-photon time-bin qudits”

Michael Kolodrubetz, Boston University
Monday morning, first invited session, abstract on page 180
“Measuring topological transitions in superconducting qubits”

Iannis Kominis, University of Crete
Thursday morning, second invited session, abstract on page 181
“The radical-pair mechanism as a paradigm for the emerging science of quantum biology”

Junichiro Kono, Rice University
Monday evening invited session, abstract on page 182
“Terahertz Science and Technology of Carbon Nanomaterials”

Uwe Kortshagen, University of Minnesota
Tuesday morning, first invited session, abstract on page 183
“Plasmonic Properties of Boron and Phosphorous Doped Silicon Nano-crystals produced via
Nonthermal Plasma Synthesis”
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Leonid Krivitsky, Data Storage Institute, Singapore
Thursday morning, second plenary session, abstract on page 184
“Quantum effects in Biology”

Leonid Krivitsky, Data Storage Institute, Singapore
Poster Session, abstract on page 185
“Quantum Refractometer”

Norbert Kroó, Hungarian Academy of Sciences
Thursday afternoon invited session, abstract on page 186
“electron pairing...”

Alex Kudlinski, Univ. Lille 1 - France
Thursday evening invited session, abstract on page 187
“Nonlinear optics in axially-varying optical fibers”

Vikram Kulkarni, Rice University
Poster Session, abstract on page 188
“Plasmon-induced hot carriers in metallic nanoparticles”

Jeremy Kunz, Baylor University
Wednesday morning, second invited session, abstract on page 189
“Detection of Plant Sress using Laser-Induced Breakdown Spectroscopy”

Gershon Kurizki, Weizmann Institute of Science
Thursday evening plenary session, abstract on page 190
“Quantum Heat Machines: How Does Quantumness Help?”

Steven Lanier, University of North Texas
Poster Session, abstract on page 191
“QASAR: Low Frequency Driver”

Jonathan Leach, Heriot-Watt Univeristy
Thursday morning, first invited session, abstract on page 192
“Measuring large-scale quantum states with non-Hermitian operators”

Yoonkyung Eunnie Lee, Massachusetts Institute of Technology
Thursday afternoon invited session, abstract on page 193
“Optical Torque from Enhanced Scattering by Multipolar Plasmonic Resonance”

Konrad Lehnert, JILA
Tuesday morning, first invited session, abstract on page 194
“Towards a quantum interface between electricity and light”

Gabriela Barreto Lemos, Vienna Center for Quantum Science and Technology (VCQ)
Thursday morning, second invited session, abstract on page 195
“Quantum Imaging with Undetected Photons”

Marco Leonetti, Italian Institute of Technology
Thursday evening invited session, abstract on page 196
“Adaptive and nonlinear optics in disordered optical fibers supporting transverse localization”

Robert J. Levis, Temple University
Wednesday evening invited session, abstract on page 197
“Impulsive rotational and vibrational sensing using femtosecond laser filamentation”
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Fuli Li, Xi’an Jiaotong University
Thursday afternoon invited session, abstract on page 198
“Super sub-wavelength patterns in photon coincidence detection”

Hebin Li, Florida International University
Thursday morning, second invited session, abstract on page 199
“Probing Dipole-Dipole Interactions in a Dilute Rubidium Vapor via Double-Quantum 2D
Coherent Spectroscopy”

Xiaoqin (Elaine) Li, University of Texas at Austin
Thursday morning, first invited session, abstract on page 200
“Intrinsic Quantum Dynamics of Excitons in Monolayer WSe2”

Tim Lian, Emory University
Thursday morning, first invited session, abstract on page 201
“Efficient Plasmon-Induced Hot Electron Transfer and Photochemistry in Semiconductor-Au
Nanoheterostructures”

Zeyang Liao, Texas A&M University
Wednesday morning, second invited session, abstract on page 202
“Single photon modulation by the collective many-body effects”

Zachary Liege, Baylor University
Poster Session, abstract on page 203
“Investigation of SERS Mechanisms using AFM/Raman Imaging”

Hyungsik Lim, Hunter College of the CUNY
Wednesday morning, second invited session, abstract on page 204
“Probing Molecular Conformations by Second Harmonic Generation”

Feng Lin, Peking University, China
Poster Session, abstract on page 205
“Optical spin-orbit interaction in plasmonic structures”

Michal Lipson, Cornell University
Tuesday evening invited session
“Effective magnetic field for light on a silicon chip”

Chuanhong Liu, Texas A&M University
Poster Session, abstract on page 206
“Resolving Spectral Congestion in Time-Resolved SECARS using Compressive Sensing”

Xiaohan Liu, Texas A&M University
Poster Session, abstract on page 207
“Resonance Effects in Surface-Enhanced Coherent Raman Spectrocopy”

Marko Loncar, Harvard University
Wednesday morning, first invited session, abstract on page 208
“Diamond Frequency Combs”

Laura De Lorenzo, Caltech
Tuesday morning, first invited session, abstract on page 209
“Exploring the Macroscopic Quantum Physics of Motion with Superfluid 4He”

H. Peter Lu, Bowling Green State University
Tuesday evening plenary session, abstract on page 210
“Single-Molecule Interfacial Electron Transfer Dynamics”
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Austin Lund, The University of Queensland
Wednesday morning, second invited session, abstract on page 211
“Boson Sampling from Gaussian states”

Stefan Maier, Imperial College London
Wednesday morning, first invited session, abstract on page 212
“Hybrid materials systems for nanophotonics from the visible to the mid--infrared: Materials
considerations, nonlinear optics, and sensing”

Mehul Malik, University of Vienna, Austrian Academy of Sciences
Thursday morning, second invited session, abstract on page 213
“Towards quantum communication with more than 4 bits/photon: sending information with
twisted light”

Anton Malko, The University of Texas at Dallas
Thursday afternoon invited session, abstract on page 214
“Plasmonic Giant Semiconductor Nanocrystals with Enhanced Light Output for Simultane-
ous Optical Imaging and Photothermal Heating”

Christoph Marquardt, Max Planck Institute for the Science of Light
Wednesday morning, second invited session, abstract on page 215
“Adressing Rb and Cs atomic transitions with a single tunable narrowband photon-pair
source”

Florian Marquardt, University of Erlangen
Tuesday morning, first invited session, abstract on page 216
“Topological Phases of Sound and Light”

Luke Mauritsen, Montana Instruments
No presentation

Maiken H. Mikkelsen, Duke University
Tuesday morning, first invited session, abstract on page 217
“Controlling spontaneous emission rates using a tunable plasmonic platform”

Valery Milner, UBC
Tuesday morning, second invited session, abstract on page 218
“Molecular Stopwatches and Cogwheels: Classical-like Rotation of Molecular Superrotors”

Tian Ming, Massachusetts Institute of Technology
Thursday evening invited session, abstract on page 219
“Plasmonic nanocavity: how small can it be?”

N. Asger Mortensen, Technical University of Denmark
Monday morning, first invited session, abstract on page 220
“Nonlocal plasmonic response in noble metal and graphene nanostructures”

Martin Moskovits, University of California, Santa Barbara
Monday evening invited session, abstract on page 221
“Plasmons as photonic intermediaries in redox photochemistry”

Keith R. Motes, Macquarie University
Wednesday morning, first invited session, abstract on page 222
“Boson-sampling with non-Fock states”
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Todd Moulder, Louisiana State University
Poster Session, abstract on page 223
“Exploiting Boson Probability Distributions in Staggered Beam Splitter Arrays”

André Mysyrowicz, LOA ENSTA
Wednesday evening invited session, abstract on page 224
“Backward lasing from femtosecond filaments”

Xiaolin Nan, Oregon Health and Science University
Monday morning, first invited session, abstract on page 225
“Quantitative superresolution microscopy reveals a dimerization-dependent signaling mech-
anism of Ras”

Prineha Narang, California Institute of Technology
Monday evening invited session, abstract on page 226
“First principles calculations for surface plasmon decay dynamics in nanostructured sys-
tems”

Frank Narducci, Naval Air Systems Command
Thursday morning, second invited session, abstract on page 227
“Dynamical Decoupling for Sensing Applications”

Evgenii Narimanov, Purdue University
Thursday morning, second invited session, abstract on page 228
“Photonic Hypercrystals”

Stefan Natu, University of Maryland, College Park
Monday morning, first invited session, abstract on page 229
“Stoner Ferromagnetism in a spin-1/2 thermal Bose gas”

Xingjie Ni, University of California at Berkeley
No presentation

Wolfgang Niedenzu, Weizmann Institute of Science
Thursday evening invited session, abstract on page 230
“Power enhancement of heat engines via correlated thermalisation in multilevel systems”

Peter Nordlander, Rice University
Monday morning, first plenary session, abstract on page 231
“Quantum Plasmonics and Hot-Electron Science”

Chris O’Brien, Texas A&M University
Tuesday morning, second invited session, abstract on page 232
“Theory behind: super-radiance and sideband emission with strong picosecond pumping of
dense Rubidium”

Zheyu Jeff Ou, Indiana-Purdue University
Thursday morning, second invited session, abstract on page 233
“Hybrid Atom-Light Interferometers”

Rupert Oulton, Imperial College London
Monday evening invited session, abstract on page 234
“Ultrafast plasmonic lasers at the surface plasmon frequency”

John Papanikolas, University of North Carolina
Tuesday evening invited session, abstract on page 235
“Using Femtosecond Pump-Probe Microscopy to Visualize Carrier Dynamics in Semicon-
ductor Nanowires”
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Scott Papp, NIST
Wednesday morning, first invited session, abstract on page 236
“Coherent octave-span microresonator frequency combs”

YongKeun (Paul) Park, KAIST
Tuesday evening invited session, abstract on page 237
“Scattering superlens: near-field focusing and imaging exploiting multiple scattering in turbid
media”

Rafael Piestun, University of Colorado at Boulder
Tuesday evening invited session, abstract on page 238
“Non-invasive imaging through a scattering wall”

Andrei Piryatinski, Los Alamos National Laboratory
Thursday morning, second invited session, abstract on page 239
“Exciton Dynamics and Emission Properties in Semiconductor Carbon Nanotubes Influenced
by Localized Surface-Plasmon Mode”

Pavel Polynkin, University of Arizona
Wednesday evening plenary session, abstract on page 240
“Remote atmospheric lasing”

Tenio Popmintchev, JILA, University of Colorado at Boulder
Monday morning, first plenary session, abstract on page 241
“Bright High Harmonics from the UV to the keV X-ray Region for Dynamic Imaging at the
Space-Time Limit”

Eric Potma, University of California, Irvine
Tuesday evening invited session, abstract on page 242
“Pump-probe spectroscopy in the single molecule limit”

Yulia Pushkar, Purdue University
Monday morning, first invited session, abstract on page 243
“X-ray Imaging and Spectroscopy From Inside a Brain Cell”

Romain Quidant, ICFO
Monday morning, first invited session, abstract on page 244
“Controlled interaction of single NV centers with surface plasmons”

Georg Raithel, University of Michigan
Monday morning, second invited session, abstract on page 245
“Forbidden atomic transitions driven by an intensity-modulated laser trap”

Mark Raizen, University of Texas at Austin
Wednesday morning, second invited session, abstract on page 246
“Magnetically Activated and Guided Isotope Separation (MAGIS)”

Chitra Rangan, University of Windsor, Canada
Tuesday morning, first invited session, abstract on page 247
“Surface-enhanced quantum control”

Ernst Rasel, Leibniz University Hannover
Thursday morning, second invited session, abstract on page 248
“BEC Interferometry”
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Armando Rastelli, JKU Linz, Austria
Wednesday morning, first invited session, abstract on page 249
“Towards scalable sources of entangled-photon-pairs based on semiconductor quantum dots”

Michael Raymer, University of Oregon
Thursday morning, first invited session, abstract on page 250
“Ultrafast 2D Fluorescence Spectroscopy using Spectrally Entangled Photon Pairs”

Mikael Rechtsman, Technion - Israel Institute of Technology
Tuesday morning, second invited session, abstract on page 251
“Aspects of photonic topological insulators”

Brandon Redding, Yale University
Tuesday morning, second invited session, abstract on page 252
“Low-Spatial Coherence Chaotic Cavity Laser for Speckle-Free Full-Field Imaging”

Cindy Regal, JILA
Tuesday morning, second invited session, abstract on page 253
“Observing and studying radiation pressure shot noise on a micromechanical membrane”

John Reintjes, Sotera Defense Solutions
Thursday afternoon invited session, abstract on page 254
“Considerations on an Optical Test of the Popper Conjecture”

Johann Peter Reithmaier, INA, University of Kassel
Wednesday evening invited session, abstract on page 255
“InP based high-gain QD material for high-speed and narrow linewidth applications”

Stephan Reitzenstein, Technische Universität Berlin
Tuesday evening invited session, abstract on page 256
“On the threshold behavior of high-β microlasers operating in the single emitter regime”

Yuri Rostovtsev, University of North Texas
Thursday evening invited session, abstract on page 257
“Temporal and Spatial Coherence and its Applications”

Alfredo Rueda, MPL Erlangen
Poster Session
“Efficiency in WGM electro-optic modulators: detuning and spectral properties”

Ralf Röhlsberger, DESY
Monday morning, first invited session, abstract on page 258
“Cavity-controlled cooperative emission: From the collective Lamb shift to EIT and beyond”

H. R. Sadeghpour, ITAMP, Harvard-Smithsonian CfA
Monday evening invited session, abstract on page 259
“How an electron may catch an atom, a molecule; or an entire BEC?”

Virgil Sanders, TAMU
No presentation

Arvinder Sandhu, University of Arizona
Monday morning, second invited session, abstract on page 260
“Probing complex electron hole dynamics in polyatomics with XUV attosecond spectroscopy”
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Wolfgang Schleich, Ulm University/ Texas A&M
Thursday afternoon plenary session, abstract on page 261
“On the frequency-difference resonance: an elementary analysis”

Roman Schnabel, Universitaet Hamburg
Tuesday morning, second invited session, abstract on page 262
“Observation of generalized optomechanical coupling and cooling on cavity resonance”

Harald Schwefel, Max-Planck-Institut für die Physik des Lichtes
Wednesday morning, second plenary session, abstract on page 263
“Nonlinear frequency conversion in WGM resonators”

Jim Scully, PQE
No presentation

Judy Scully, PQE
No presentation

Marlan O. Scully, Baylor, Princeton, Texas A&M
Thursday afternoon plenary session, abstract on page 264
“Biological Quantum Heat Engines”

Marlan O. Scully, Baylor, Princeton, Texas A&M
Wednesday morning, second plenary session
“Presentation of the 2015 Willis E. Lamb Award for Laser Science and Quantum Optics”

Marlan O. Scully, Baylor, Princeton, Texas A&M
Poster Session, abstract on page 265
“The QASER revisited*: insights gleaned from analytical solutions to simple models”

Robert Scully, Texas A&M University
Poster Session, abstract on page 266
“Agri-Bio-Photonics”

Florian Sedlmeir, Max Planck Institute for the Science of Light
Wednesday evening invited session, abstract on page 267
“Efficient up- and downconversion of microwave signals into the optical regime using whis-
pering gallery mode resonators”

Gavriil Shchedrin, Texas A&M University
Thursday morning, second invited session, abstract on page 268
“Self-Induced Transparency in V and Lambda Systems”

Yujie Shen, Texas A&M University
Poster Session, abstract on page 269
“Single beam coherent anti-Stokes Raman scattering with a spectral hole”

Andrew Shields, Toshiba Research Europe
Wednesday morning, first plenary session, abstract on page 270
“Quantum Communications with Semiconductor Devices”

Anton Shutov, Texas A&M University
Poster Session, abstract on page 271
“All-collinear FAST CARS on gases”
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Maria Shutova, Texas A&M University
Poster Session, abstract on page 272
“Synthesis of optical vortices in multi-order Raman sideband generation”

Gennady Shvets, University of Texas at Austin
Tuesday morning, second plenary session, abstract on page 273
“Photonic Topological Insulators: Guiding Electromagnetic Waves Around Sharp Corners”

David R. Smith, Duke University
Tuesday evening invited session, abstract on page 274
“Film-Coupled Nanocubes for Enhancing Photodynamic and Nonlinear Processes”

Brian Smithgall, Montana Instruments
No presentation

Alexei Sokolov, Texas A&M University
Tuesday morning, second invited session, abstract on page 275
“Multicolored Femtosecond Pulse Synthesis Using Coherent Raman Sidebands”

Marin Soljačiç, Massachusetts Institute of Technology
Tuesday evening invited session, abstract on page 276
“Topological nature of bound states in the radiation continuum”

Steve Southworth, Argonne National Laboratory
Monday morning, second invited session, abstract on page 277
“Core hole decay dynamics in atoms and molecules”

Vaclav Spicka, Institute of Physics, Czech Academy of Sciences
Thursday morning, first invited session, abstract on page 278
“Fluctuation-dissipation theorem and fast dynamics of molecular bridges”

Douglas Stone, Yale University
Tuesday morning, second plenary session, abstract on page 279
“Random and Chaotic Lasers: Why They’re Interesting and What They’re Good For”

Aaron Streets, Peking University
Monday morning, second invited session, abstract on page 280
“Seeing Chemistry in Live Cells through Stimulated Raman Scattering Microscopy”

Dmitry Strekalov, JPL
Wednesday evening invited session, abstract on page 281
“Sum-frequency generation and quantum Zeno blockade in Whispering Gallery Mode res-
onators”

Elodie Strupiechonski, Baylor/Harvard
Poster Session, abstract on page 282
“Active Metasurfaces for Terahertz Quantum Cascade lasers: Simultaneous control of the
polarization state and beam directivity”

Mikhail Sumetsky, Aston University
Wednesday evening invited session, abstract on page 283
“Fundamentals and applications of Surface Nanoscale Axial Photonics (SNAP)”

Greg Sun, University of Massachusetts, Boston
Monday evening invited session, abstract on page 284
“Practicality of enhancement and spasing with metal nanoparticles”
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Anatoly Svidzinsky, Texas A&M University
Thursday afternoon invited session, abstract on page 285
“QASER: from radio frequencies to optical domain”

Phil Szuromi, Science Magazine
No presentation

Vincenzo Tamma, Ulm University
Thursday afternoon invited session, abstract on page 286
“Boson sampling in time with input bosons of arbitrary spectra”

Hong Tang, Yale University
Wednesday morning, second invited session, abstract on page 287
“Optical Frequency Comb Generation in Aluminum Nitride Microresonator”

Alison Taylor, The Optical Society (OSA)
No presentation

Jake Taylor, JQI/NIST
Wednesday evening invited session, abstract on page 288
“Building fractional quantum Hall states with light”

Isabell Thomann, Rice University
Monday morning, second invited session, abstract on page 289
“Extreme light absorption architectures for solar-to-fuel conversion”

Jonathan Thompson, Texas A&M University
Poster Session, abstract on page 290
“Fighting scattering with phase beam shaping”

Andrew Traverso, Texas A&M University
Tuesday morning, first invited session, abstract on page 291
“Novel Rabi-Induced Sideband Emission in Dense Rubidium Vapor”

Bruce Tromberg, University of California, Irvine
Thursday evening plenary session, abstract on page 292
“Medical Imaging with Optics and Photonics”

Timur Tscherbul, University of Toronto
Thursday morning, second invited session, abstract on page 293
“Long-lived coherences in multilevel quantum systems under weak-field incoherent excitation:
Analytical and numerical results”

Hakan E. Tureci, Princeton University
Wednesday evening plenary session, abstract on page 294
“Far-from equilibrium phenomena at light-matter interfaces”

Kerry Vahala, California Institute of Technology
Wednesday morning, second invited session, abstract on page 295
“Stable Microwave Synthesis Using High-Q Microcavities”

Jason Valentine, Vanderbilt University
Monday evening invited session, abstract on page 296
“Metamaterial Perfect Absorber Based Hot Electron Photodetection”

PQE-2015 58



Philip A. Vetter, Princeton, Baylor, TAMU
Poster Session, abstract on page 297
“Single Photon Superradiance Revisited: Expanding the Analysis of Subradiant States”

Wilton L. Virgo, Texas A&M University
Poster Session, abstract on page 298
“The Periodic Table of Correlation Energy”

Dmitri Voronine, Texas A&M and Baylor University
Poster Session, abstract on page 299
“Biological Quantum Heat Engines”

Luat T. Vuong, Queens College of CUNY
Monday morning, first invited session, abstract on page 300
“Influence of Solvent Polarity on Light-Induced Nanofluid Heat Cycles and Evidence of Heat
Dissipation via Nanobubbles”

Dawei Wang, Texas A&M University
Tuesday morning, first plenary session, abstract on page 301
“Single-photon Superradiance: Yesterday, Today and Tomorrow”

Luojia Wang, Texas A&M and Baylor University
Thursday afternoon invited session, abstract on page 302
“Simulation of QASER in dense Rubidium with picosecond pumping”

Wei David Wei, University of Florida
Wednesday morning, second invited session, abstract on page 303
“Prolonged Hot Electron Dynamics in Plasmonic Metal-Semiconductor (Au-TiO2) Het-
erostructures with Implications for Solar Photocatalysis”

Thomas Weinacht, Stony Brook University
Tuesday morning, first invited session, abstract on page 304
“Quantum Control of Strong Field Ionization”

Andrew Weiner, Purdue University
Wednesday morning, first invited session, abstract on page 305
“Frequency combs from normal dispersion silicon nitride microresonators”

Martin Weitz, Univ. Bonn
Wednesday evening invited session, abstract on page 306
“Thermalization Kinetics of Light: Observing the Lasing to Bose-Einstein Condensation
Crossover”

George R. Welch, Texas A&M University
Monday morning, first plenary session
“Welcoming Remarks”

George R. Welch, Texas A&M University
Poster Session

Gary Wiederrecht, Argonne National Laboratory
Monday morning, second plenary session, abstract on page 307
“Hybrid Nanophotonic Structures for Enhanced Ultrafast Response and Efficient Exciton
Propagation”
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Alan Willner, University of Southern California
Thursday morning, first invited session, abstract on page 308
“Optical Communications using Multiplexing of Multiple Orbital-Angular-Momentum
Beams”

Hui Xia, Texas A&M and Princeton University
Poster Session, abstract on page 309
“Probing near the zero susceptibility wavelength in high density rubidium vapor”

Yanhong Xiao, Fudan University
Thursday afternoon invited session, abstract on page 310
“Unitary spin squeezing by interference-based quantum erasure”

Xiaodong Xu, University of Washington
Monday evening invited session, abstract on page 311
“Spin and pseudospins in 2D semiconductors and heterostructures”

Vladislav Yakovlev, Texas A&M University
Tuesday morning, first plenary session, abstract on page 312
“Seeing cells in a new light”

Changhuei Yang, California Institute of Technology
Tuesday evening invited session, abstract on page 313
“Deep tissue imaging and analysis by optical time-reversal”

Lan Yang, Washington University in St. Louis
Wednesday morning, second invited session, abstract on page 314
“Whispering-Gallery-Mode optical resonators around an exceptional point”

Junjie Yao, Washington University in St. Louis
Tuesday evening invited session, abstract on page 315
“Photoacoustic Tomography: Seeing Clearly at Depths”

Cunyun Ye, CYGlobalUSA
No presentation

Zhenhuan Yi, Texas A&M University
Wednesday morning, second invited session, abstract on page 316
“Radiation from Strongly Pumped Dense Rubidium Vapor”

Zhenhuan Yi, Texas A&M University
Poster Session, abstract on page 317
“Towards Cooperative Resonance Effects in Rubidium Vapor”

Xiaobo Yin, University of Colorado
Thursday afternoon invited session, abstract on page 318
“Nonlinear Spectroscopy of Symmetry Breaking 2D Semiconductor Atomic Monolayer”

Arjun G. Yodh, University of Pennsylvania
Thursday evening invited session, abstract on page 319
“Functional Monitoring of Cerebral Hemodynamics in Brain with Diffuse Light”

Kazumichi Yoshii, University of Electro- Communications
Tuesday morning, second invited session, abstract on page 320
“Generation of a 1.8 fs pulse train by simply controlling transparent-plate thickness placed
on the optical path”
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Kristen Youmans, PQE
No presentation

Luqi Yuan, Texas A&M University
Thursday afternoon invited session, abstract on page 321
“QASER: detailed analysis and further developments”

Joachim von Zanthier, Universität Erlangen - Nürnberg
Monday morning, second invited session, abstract on page 322
“Dicke superradiance and Hanbury Brown and Twiss intensity interference: two sides of the
same coin”

Anton Zeilinger, University of Vienna, Austrian Academy of Sciences
Thursday morning, first plenary session, abstract on page 323
“Quantum and Classical Experiments with Orbital Angular Momentum of Light”

Xiang Zhang, University of California, Berkeley
Tuesday morning, second invited session, abstract on page 324
“Photon-Spin Drag Induced Collective Electron Motions on a Metasurface”

Xiwen Zhang, Texas A&M University
Monday morning, second invited session, abstract on page 325
“Quantum memory of single γ-ray photon by Doppler Frequency Comb”

Alexandra Zhdanova, Texas A&M University
Tuesday morning, second invited session, abstract on page 326
“Beam shaping and production of vortex beams in coherent Raman generation”

Alexandra Zhdanova, Texas A&M University
Poster Session, abstract on page 327
“Towards Synthesis of Ultrafast Waveforms using Coherent Raman Sidebands”

Miaochan Zhi, NIST
Thursday morning, first invited session, abstract on page 328
“Femtosecond Optical Kerr Effect spectroscopy on glass forming liquids”

Peter Zhokhov, Texas A&M University
Poster Session, abstract on page 329
“Solid-state plasma generation and manipulation at sub-femtosecond time scales”

Yiyu Zhou, Texas A&M University
Poster Session, abstract on page 330
“Quantum-Coherence-Controlled Nanolaser Dynamics”

Shi-Yao Zhu, Beijing Computational Science Research Center
Thursday afternoon invited session, abstract on page 331
“An ideal experiment to determine the ‘past of a particle’ in the nested Mach-Zehnder In-
terferometer”

Yifu Zhu, Florida International University
Thursday afternoon invited session, abstract on page 332
“Nonlinear cavity quantum electrodynamics: interference induced excitation of three-photon
ladder state”

Matthias Zimmermann, Ulm University
Poster Session, abstract on page 333
“T-interferometer for precise measurements”
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8 Abstracts

The following pages contain the abstracts submitted by the participants.

8.1 Best abstract award.

This year’s “Best Abstract” award will be announced during the reception on Sunday evening,
January 4, 2015. The selection committee for the 2015 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 the online program. This was the sixth year for the “Best
Abstract” award, and we believe it continues to be a success. Please note the high quality of many of
the submitted abstracts. The organizers thank all the participants who took the trouble to prepare
good abstracts, and we welcome all feedback on this effort.
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8.2 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.

8.3 Abstracts

All the submitted abstracts follow.
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Train of ultrashort pulses formation via switching of the resonant interaction 

between XUV radiation and atoms by tunnel ionization 
T.R. Akhmedzhanov1, V.A. Antonov2, and Olga Kocharovskaya1 

1Department of Physics and Astronomy, Texas A&M University 

and Institute for Quantum Studies and Engineering , 

College Station, TX 77843-4242, USA 
2Institute of Applied Physics of the Russian Academy of Sciences, 

46 Ulyanov street, Nizhny Novgorod 603950, Russia 

 

In recent years, there has been a growing interest in investigating of the atomic and 

molecular processes unfolding on the attosecond time scale [1-5]. Such study may strongly benefit 

from the ability to form attosecond light pulses with the carrier frequency in the vicinity of atomic 

resonances.    

One of possible mechanisms allowing formation of trains of attosecond pulses is ionization 

switching of resonant interaction between extreme ultraviolet (XUV) radiation and atomic gas 

simultaneously irradiated by moderately strong infrared (IR) laser field [6]. The IR field does not 

ionize ground state of atoms, but strongly ionize all the excited states. If the major mechanism of 

this ionization is tunneling, than ionization rate has sharp sub-cycle time dependence. Ionization 

time-dependence leads to effective switching of resonant interaction between XUV field and 

atoms: it is almost off near crests of IR field and is again on around IR field zeroes. This effect can 

be used to form trains of ultrashort pulses.   

 We present analytically solvable model of ultrashort pulses formation using two-level atom 

and stepwise ionization time dependence approximations [7]. Using many-level atomic model and 

tunneling ionization rates, we also numerically calculate the result of propagation of XUV field 

through the optically thin layer of atomic gas (for H, He and Ne).  We show that ultrashort pulses 

with time duration of hundreds of attosecond can be formed. The results of numerical calculations 

show excellent agreement with analytical solution of the simple two-level model with the stepwise 

time-dependence of the ionization rate.  

To verify applicability of our models, we perform numerical solution of full time-

dependent Schrodinger equation for IR-dressed He atoms interacting with quasi-resonant XUV 

radiation. The results prove the possibility of formation of trains of pulses with a pulse duration in 

the range of hundreds of attoseconds in atomic helium dressed by strong mid-IR field and are in 

rather good agreement with an analytical model [7]. Required IR dressing laser intensities (I=1013-

1014 W/cm2, mid-IR frequency) are currently available [8]. Usage of the time or polarization gating 

techniques [9] may allow formation of a single attosecond XUV pulse.   

 

References: 
1. P. B. Corkum and F. Krausz, Nature Physics 3, 381–387 (2007). 

2. F. Krausz and M. Ivanov, Rev. Mod. Phys. 81, 163–234 (2009). 

3. L. Gallmann, C. Cirelli, and U. Keller, Annu. Rev. Phys. Chem. 63,447–469 (2012). 

4. P. Salières, A. Maquet, S. Haessler, J. Caillat, and R. Taïeb, Rep. Prog. Phys. 75, 062401 (2012). 

5. M. Chini, K. Zhao and Z. Chang, Nature Photonics 8, 178-186 (2014). 

6. V.A. Polovinkin, Y.V. Radeonychev, O. Kocharovskaya, Opt. Lett. 36, 2296 (2011). 

7. V.A. Antonov, T.R. Akhmedzhanov, Y.V. Radeonychev, O. Kocharovskaya, submitted to Phys. Rev. A 

8. G. Andriukaitis and et.al, Optics Letters, vol. 36, no. 15, pp. 2755-2757, 2011. 

9. V.A. Antonov, Y.V. Radeonychev, O. Kocharovskaya, Phys. Rev. Lett. 110, 213903 (2013). 

Speaker: Timur Akhmedzhanov
Session: X-ray quantum optics
Schedule: Monday Morning Invited Session 2
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Raman Spectroscopic study of plant stress in vivo  

Narangerel Altangerel1, Gombojav O Ariunbold1,2, Dwight Bohlmeyer1, 

and Marlan Scully1,3,4 

1Texas A& M University, 2National University of Mongolia, 3Baylor University, 
4Princeton University 

Raman spectroscopy is a valuable tool to analyze of plant 
substances and quality parameters in horticultural and agricultural 
crops. This spectroscopic technique allows us to obtain spectra 
presenting some characteristic key bands of the individual chemical 
components. These bands provide information about the chemical 
composition, including both primary and secondary metabolites, of the 
investigated samples.  In our experiment, we study Raman spectra of 
water and saline stressed plants in vivo. An increased concentration of 
the anthocyanin that is a water-soluble pigments, in vitro due to the 
visible and UVB radiation and water stress widely reported. In this 
work, by using Raman spectroscopic technique, we report the 
observation of concentration change in vivo for unstressed, saline and 
water stressed begonia and coleus plants. 

Speaker: Narangerel Altangerel
Session: Poster Session
Schedule: poster session
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Incoherent Broadband Cavity Enhanced Absorption Spectroscopy with a 
Supercontinuum Source  

 
Caroline Amiot1, 2*, Antti Aalto1, Juha Toivonen1, and Goëry Genty1 

1Tampere University of Technology, Optics Laboratory, FI-33101 Tampere, Finland 
2Institut FEMTO-ST, UMR 6174 CNRS-Université de Franche-Comté, Besançon, France 

*e-mail address: goery.genty@tut.fi 
 
 
Broadband cavity enhanced absorption spectroscopy can be used to perform detection of gases with a very high 
sensitivity due to the very long optical path of the cavity [1]. Compared to coherent methods, cavity enhanced 
absorption spectroscopy is simpler and more robust allowing to readily perform in-situ measurements. 
Supercontinuum sources on the other hand possess unique properties in terms of brightness and spatial coherence 
that make them particularly suitable for a wide range of applications ranging from spectroscopy to imaging and 
chemical sensing [2].  

Here we demonstrate incoherent broadband cavity enhanced absorption spectroscopy in the near-IR/mid-IR 
wavelength range using a specifically developed supercontinuum source. The source is based on a gain-switched 
nanosecond fiber laser operating at 1545 nm and a silica-based dispersion shifted fiber to produce a supercontiuum 
spectrum that extends beyond 2 microns. A fluoride fiber possessing low absorption in the mid-IR range can be 
added to extend the spectrum up to 3.5 microns with an average power up to 160 mW. Using near-confocal cavity 
with mirrors with high reflectivity we measure the absorption spectrum of methane with a high accuracy. Our 
technique has the potential to perform selective multi-component measurement with extreme sensitivity in the 
near/mid-IR spectral range.  

 

 
Fig. 1.  (a) Generated supercontinuum spectrum extending up to 3.5 microns. (b) Experimental setup for incoherent broadband 
cavity enhanced spectroscopy. 

   

References 
[1] S. E. Fiedler, A. Hese, and A.A. Ruth, “Incoherent broad-band cavity-enhanced absorption spectroscopy,” Chem. Phys. Lett. 371, 284-294 

(2003). 
[2] C. Kaminski, R. Watt, A. Elder, J. Frank, and J. Hult, “Supercontinuum radiation for applications in chemical sensing and microscopy,” Appl. 

Phys. B 92, 367-378 (2008). 
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High-resolution hyperspectral Raman imaging 
Katsumasa Fujita, Jun Ando and Kozue Watanabe 

Department of Applied Physics, Osaka University 

fujita@ap.eng.osaka-u.ac.jp 

 

Raman spectroscopy identifies molecular species in a sample without labeling or sample modification. 
It has been widely used in material science, however, the extremely low scattering cross section, which 
results in a long measurement time, has limited its application to biological imaging. We have 
developed slit-scanning Raman microscopy, which uses line-shaped laser focus and parallel detection 
Raman spectra from multiple points in a sample (Fig. A). This slit-scanning configuration enables us to 
perform molecular imaging of biological samples with both high temporal and spatial resolution [1, 2]. 
  Fig. B shows the Raman image of a living HeLa cell obtained by using the slit-scanning Raman 
microscope we developed. Molecular distributions of cytochrome c (green, 750 cm-1), lipid (red, 2855 
cm-1) and protein (blue, 1689 cm-1) were clearly visualized with high spatial resolution. The process of 
cytokinesis was observed by time-resolved Raman imaging of HeLa cells (Fig. C). The images were 
taken at 5 minutes intervals, showing molecular dynamics during cell division. Label-free observation 
of molecular dynamics in apoptotic cell was also examined [3]. Our observation revealed dynamic 
change of cytochrome c distribution in a cell after treating with apoptosis-inducing agent. We also 
applied our Raman microscope to analyze cell state transition of embryonic stem cell [4]. Applying 
principle component analysis (PCA) to the time-course hyperspectral Raman images, a gradual 
transition of cell state during cell differentiation was confirmed. Early stage of osteoblastic 
mineralization was also observed with our Raman microscopy for the study of bone formation [5]. 
Furthermore, specific observation of small molecules in biological cells was investigated using tiny 
alkyne-tag strategy [6]. Our approaches provide a new window for observing and understanding the 
complex biological system with chemical information. 

 
Figure (A) Schematics of conventional Raman microscopy and slit-scanning Raman microscopy (B) 
Raman image of a living HeLa cell. (C) Time-resolved Raman images of HeLa cell during cytokinesis.  

[1] Hamada et al., J. Biomed. Opt. 13, 044027 (2008). [2] Palonpon et al., Nat. Protocols 8, 677 (2013). [3] 
Okada et al., PNAS 109, 28 (2012). [4] Ichimura et al., Plos One 9, e84478 (2014). [5] Hashimoto et al., J. 
Raman. Spectrosc. 45, 157 (2014). [6] Yamakoshi et al., JACS 134, 20681 (2012). 
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Alkyne-tag Raman imaging of biomolecules 
Jun Ando, Mikiko Sodeoka and Katsumasa Fujita 

Department of Applied Physics, Osaka University, Japan Science and Technology Agency, RIKEN 
fujita@ap.eng.osaka-u.ac.jp 

Raman microscopy is now available as a tool for observing molecular distribution and dynamics of a 
living biological cell [1,2]. For imaging small molecules in biological samples, we have recently 
proposed a methodology “alkyne-tag Raman imaging”, where we incorporate alkyne in a target small 
molecule as a tag [3]. Alkyne has tiny structure so that it rarely influences the original property of the 
target molecule. It also exhibits a distinct peak at the silent region (~2050-2300cm-1) in Raman 
spectroscopy for its selective detection. We performed Raman imaging of alkyne-tagged cell 
proliferation probe (EdU) incorporated in a living cell. By using Raman peak of alkyne at 2122 cm-1, 
localization of EdU at the nucleus was confirmed. In order to provide a guideline for designing alkyne 
tag for small molecule imaging, the relationships between tag-structures and Raman scattering 
properties were investigated [4]. According to this guideline, we have synthesized conjugated 
diynes-tagged coenzyme Q (CoQ) with the Raman peak at 2248 cm-1. We performed Raman imaging 
of live cell treated with a CoQ analogue and EdU, and the resultant image clearly shows the different 
distribution of each Raman shift (Fig. A), which demonstrates the capability of the alkyne-tag 
technology for multicolor small molecule imaging of living cells. 
   Recently, we extended the application of our strategy for synthesizing mitochondria-selective 
Raman probe, by combining bisarylbutadiyne with triphenylphosphonium [5]. We named this probe as 
MitoBADY, which has more than 20 times stronger Raman intensity than EdU. MitoBADY selectively 
localizes mitochondria in living cell due to triphenylphosphonium. Raman microscopy successfully 
visualized the distribution of mitochondria in a living cell (Fig. B). 

 
Figure (A) Raman image of a HeLa cell treated with EdU and CoQ analogue. The image was reconstructed 

using peak at 747 cm-1 (cytochrome c), 2122 cm-1 (EdU) and 2248 cm-1 (CoQ analogue). (B) Raman image of a 

HeLa cell treated with MitoBADY. The image was reconstructed using peak at 2220 cm-1 (MitoBADY). 

[1] Hamada et al., J. Biomed. Opt. 13, 044027 (2008). [2] Okada et al., PNAS 109, 28 (2012). [3] Yamakoshi et al., JACS 
133, 6102 (2011). [4] Yamakoshi et al., JACS 134, 20681 (2012). [5] Yamakoshi et al., Bioorg. Med. Chem. Lett. (in press). 
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Impact	  Facts	  &	  Impact	  Factors:	  A	  view	  from	  the	  Physical	  Review	  
	  

Manolis	  Antonoyiannakis	  
	  

The	  American	  Physical	  Society,	  1	  Research	  Road,	  Ridge,	  NY	  11961	  
&	  	  

Department	  of	  Applied	  Physics	  &	  Applied	  Mathematics,	  Columbia	  University	  
	  

	  

	  
Next,	  I	  propose	  a	  metric	  to	  assess	  the	  impact	  of	  scholarly	  journals.	  Since	  the	  
distributions	  of	  citations	  to	  research	  papers	  are	  skewed,	  it	  makes	  sense	  to	  describe	  
them	  via	  their	  median,	  not	  the	  mean.	  I	  thus	  introduce	  the	  Median	  Citation	  Index	  
(MCI)	  and	  compare	  it	  to	  the	  Journal	  Impact	  Factor	  (JIF)	  as	  a	  better	  representative	  of	  
the	  distribution.	  Unlike	  the	  JIF,	  the	  MCI	  is	  not	  sensitive	  to	  outlier	  (very	  highly	  cited)	  
papers	  or	  to	  gaming,	  and	  does	  not	  lend	  itself	  to	  the	  hype	  of	  calculating	  it	  to	  three	  
decimal	  digits.	  Even	  excluding	  outlier	  effects,	  the	  MCI	  correlates	  better	  than	  the	  JIF	  
with	  the	  5-‐year	  median	  of	  citations	  to	  research	  articles	  in	  journals	  (Fig.	  2).	  I	  
conclude	  that	  the	  ranking	  of	  journals	  by	  MCI	  than	  JIF	  makes	  more	  statistical	  sense.	  	  
	  

	  

In	  the	  first	  part	  of	  the	  talk,	  I	  will	  
briefly	  describe	  the	  major	  APS	  
research	  journals	  in	  terms	  of	  
selectivity,	  operations	  and	  impact.	  I	  
will	  provide	  basic	  statistics	  
(submissions,	  acceptance	  rates,	  
publication	  times,	  citation	  impact,	  
etc.)	  at	  journal-‐level	  and	  subjournal-‐
level.	  I	  will	  explain	  a	  key	  feature	  of	  
Journal	  Impact	  Factors	  that	  is	  often	  
not	  fully	  appreciated	  by	  the	  
community,	  namely	  that	  large	  
journals	  cannot	  have	  high	  impact	  
factors	  (Fig.	  1).	  	  

Fig.	  1.	  Journal	  size	  vs.	  Journal	  Impact	  Factor.	  No	  
physics	  journal	  publishing	  more	  than	  1000	  articles	  
annually	  has	  an	  Impact	  Factor	  greater	  than	  20.	  	  

Fig.	  2.	  The	  Median	  Citation	  Index	  (MCI,	  red)	  and	  
the	  Journal	  Impact	  Factor	  (JIF,	  blue)	  versus	  the	  
5-‐year	  median	  of	  citations	  to	  research	  articles	  
published	  by	  46	  journals	  across	  the	  physical	  
sciences,	  engineering,	  and	  life	  sciences	  
(published	  &	  cited	  in	  2010-‐2014;	  data	  from	  
Web	  of	  Science).	  Unlike	  the	  JIF,	  the	  MCI	  is	  
robust	  to	  the	  outlier	  effect	  caused	  by	  the	  
journal	  CA	  -‐	  A	  Cancer	  Journal	  for	  Clinicians.	  
Even	  excluding	  this	  outlier,	  the	  MCI	  correlates	  
better	  (R2=0.946)	  than	  the	  JIF	  (R2=0.86)	  with	  
the	  5-‐year	  median	  of	  citations.	  	  
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Raman Spectroscopic Study 

Of Metastatic Porcine Skin Tumors  

Narangerel Altangerel1, Gombojav O. Ariunbold1,2, Duane Kraemer1, 

Olivia Ash1, Dmitri Voronine 1,3, Alexei Sokolov1, and Marlan Scully1,3,4 

1Texas A&M University, 2National University of Mongolia, 3Baylor University, 
4Princeton University 

  Melanoma is the most dangerous type of skin cancer. In some cases the 
melanoma may cause death as a result of tumor metastases to internal organs. We 
introduce the results of in vitro study of the Raman spectra of the porcine skin 
lesions. The Raman spectra were recorded from normal skin, external and internal 
lesions. Results from our first samples show that the rich Raman spectra of the skin 
sample with tumor deviates from normal skin sample in wide regions 600 to 1800 
cm-1 and 2800 to 3000 cm-1. In particular, the deviations were found close at 1438 
and 1460 cm-1, 1640 and 1680 cm-1 as well as 2850 and 2950 cm-1, which are 
associated with the vibrational bands of the proteins, lipids, carbohydrate amide II, 
and collagen.  
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Observation of Squeezing in Resonance Fluorescence 
Carsten H. H. Schulte, Jack Hansom, Alex E. Jones, Clemens Matthiesen, Claire Le Gall 

and Mete Atatüre 
Cavendish Laboratory, University of Cambridge, JJ Thomson Avenue, Cambridge CB3 

0HE, United Kingdom 
 

Heisenberg's uncertainty principle governs the minimum fluctuations in the measurement 
of canonically conjugate variables such as position and momentum. Although this principle 
cannot be violated, the fluctuations in the observed values of a single variable can be 
reduced below the level dictated by the vacuum by redistributing the fluctuations between 
the variables. The most common realization of this effect, known as squeezing, in 
nonclassical light, is in the quantum mechanical quadrature operators 𝑋𝑋� of the electric field 
displaying variances smaller than the vacuum state. A variety of methods can be used to 
produce squeezed states of light, mostly 
relying on nonlinear effects in the 
generation of the states. The 
fundamental interaction of a two-level 
atomic transition with a resonant light 
field entails multiple nonclassical 
phenomena, one of them being the 
squeezing of both the atomic dipole 
variances as well as the electric field 
quadratures. This effect was predicted 
over 30 years ago [1], and remains 
elusive today. In this work, we use an 
artificial atom comprising a self-
assembled quantum dot as a two-level 
system with a large oscillator strength 
and demonstrate the degree of 
quadrature squeezing in the resonance 
fluorescence light field. The excitation 
laser is used as a local oscillator in a 
homodyne detection of the coherently 
scattered quantum dot photons [2]. A 
measurement of the intensity 
autocorrelation of the superimposed 
light field allows us to detect the time-
dependent electric field quadrature 
variances without loss-induced 
degradation of the observed squeezing. 
 
[1] D. F. Walls and P. Zoller, Reduced Quantum Fluctuations in Resonance Fluorescence. Phys. Rev. Lett., 47, 709 

(1981). 
[2] W. Vogel, Homodyne correlation measurements with weak local oscillators. Phys. Rev. A, 51, 4160 (1995). 

Figure 1: The in-phase (orange) and out-of-phase (blue) 
normally ordered variances of the electric-field, 
〈: �∆𝑋𝑋�(𝜑𝜑, 𝜏𝜏)�2: 〉, for low (top) and high (bottom) power 
excitation of a quantum dot indicating the presence of 
quadrature squeezing in the low excitation limit. Negative 
values indicate fluctuations below the vacuum limit. 
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Nonlinear self-compression of few-cycle millijoule  

mid-IR pulses and their filamentation in ambient air 
 

T. Balčiūnas, G. Fan, V. Shumakova, P. Malevich, S. Ališauskas, A. Pugžlys, A. Baltuška 

Photonics Institute Vienna University of Technology,  

Gusshausstrasse 27-387, A-1040 Vienna, Austria 

Email: baltuska@tuwien.ac.at 

 

The phenomenon of nonlinear pulse self-compression is enabled by a balanced interplay between the 

positive nonlinear dispersion, resulting from self-phase modulation, and the negative linear dispersion of 

the nonlinear medium. For wavelengths in the short-wave mid-IR range, self-compression regimes can be 

tuned with relative ease owing to a large reserve of anomalous dispersion in both hollow-waveguide and 

bulk propagation geometries. We demonstrate that in the sub-mJ energy range self-compression to a near 

single-cycle duration can be performed in a Kagome-lattice hollow fiber [1], whereas in the multi-mJ range 

self-compression in bulk crystals leads to a ×3 duration reduction and an increase in the peak power. Both 

types of self-compression schemes hold promise for few-cycle strong-field applications. Nonlinear bulk 

self-compression is particularly attractive for enhancing the pulse parameters of recently developed λ=4 µm 

high-energy parametric sources [2] where the pulse bandwidth is limited by the phase matching and 

absorption in KTA crystals. By placing a Brewster-oriented 2-mm-thick YAG plate after a focusing lens at 

a distance of tens of centimeters ahead of the focal plane it is possible to transform 10-mJ 94-fs pulses at 

3.9 µm into 9-mJ 33-fs 3-optical-cycle-long pulses. Through self-compression the peak power of the pulses 

is increased to 250 GW which is above the critical power of self-focusing in air at atmospheric pressure. 

Previously, due to the lack of peak power, femtosecond filamentation in gas at this wavelength was only 

possible in high-pressure gas cells [3]. The ability to generate 3.9-µm in ambient air opens up the 

opportunity to explore the advantages of this long wavelength for filament-induced nitrogen lasing [4]. 
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Fig. 1. Mid-IR filamentation in ambient air with bulk-self-compressed pulses. (a): Length dependence of the visible 

part of the filament in air on the distance between the 75-cm lens and bulk Brewster-oriented 2-mm thick YAG.  

(b): Filament position and length dependence on the YAG translation along the focused 3.9 um beam. 
 

[1] T. Balciunas, C. Fourcade-Dutin, G. Fan, T. Witting, A.A.Voronin, A.M. Zheltikov, F. Gerome, G.G. Paulus, 

A. Baltuska and F. Benabid, “A Strong-Field Driver in the Single-Cycle Regime Based On Self-Compression in 

a Kagome Fibre”, Nature Comm. (accepted). 

[2] G. Andriukaitis, T. Balčiūnas, S. Ališauskas, A. Pugžlys, A. Baltuška, T. Popmintchev, M.-C. Chen, 

M.M. Murnane, and H.C. Kapteyn, "90 GW peak power few-cycle mid-infrared pulses from an optical 

parametric amplifier," Opt. Lett. 36, 2755-2757 (2011). 

[3] D. Kartashov, S. Alisauskas, A. Pugzlys, A. Voronin, A. Zheltikov, M. Petrarca, P. Bejot, J. Kasparian, 

J.P. Wolf, A. Baltuska, "Mid-infrared laser filamentation in molecular gases", Opt. Lett. 38, 3194-3197 (2013). 

[4] D. Kartashov, S. Alisauskas, G. Andriukaitis, A. Pugzlys, M. Shneider, A. Zheltikov, S.L. Chin, and A.Baltuska, 

“Free-space nitrogen gas laser driven by a femtosecond filament”, Phys. Rev. A., 86, 033831 (2012). 
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Efficient cooling of a spin-bath using a single controlled spin 
Nir Bar-Gill 

Department of Applied Physics and Racah Institute of Physics, Hebrew University, Jerusalem, Israel 

There is a rapid growth in the scope and sophistication of spin-based quantum technologies, ranging from 

quantum-information applications through quantum sensing, magnetic imaging to metrology. Typically, a single 

spin acts as a nanoscale probe or sensor of its environment, or exchanges quantum information with other 

degrees of freedom in hybrid systems, quantum sensing and quantum information processing. In all such 

applications, cooling of the surrounding spins ("spin-bath") can substantially increase the coherence time and 

sensitivity of the probe spin, and is a prerequisite for attaining the ultimate precision limit allowed by quantum 

mechanics. Here we address this problem both through an experimental demonstration as well as through a 

theoretical thermodynamic analysis, using Nitrogen-Vacancy (NV) color centers in diamond as our model system.  

First, we use oscillating magnetic fields to dress and resonantly couple the electronic spin states of bright NV 

centers and dark substitutional nitrogen (P1) defect centers (Fig. 1). Such dressed-state resonant coupling can 

be used to realize optically controlled polarization transfer from bright NV spins to nearby dark spins (Fig. 2), and 

thus effectively to cool a wide range of dark spin ensembles at room (and arbitrary) temperature [1].  

Second, we propose a spin-bath refrigeration scheme 

that employs an off-resonant interaction between the 

spin-probe and the bath spins (Fig. 3). We compare this 

novel scheme to the previous resonant driving approach, and find higher efficiency, broad temperature range 

and the ability to reach ultralow temperatures. The off-resonantly driven NV center may act under appropriate 

conditions as a heat distributor, cooling the spins down to ultra-low temperatures with record efficiency, and 

thereby increasing the coherence time and sensing sensitivity of the NV. 

[1] C. Belthangady, N. Bar-Gill, L. Pham, K. Arai, D. Le Sage, P. Cappellaro, and R. Walsworth, Phys. Rev. Lett. 
110, 157601 (2013).  

Figure 3: Schematic representation of the off-resonant cooling 
setup and cycle. Microwave photons are absorbed by the NV 
with the help of the surrounding spins that compensate for the 
energy mismatch. Finally, the CW laser induces decay, closing 
the cycle and resulting in cooling of the surrounding spins. 

Figure 2: Measured dressed-state NV-P1 resonant coupling. 
(a) NV optical and microwave spin-lock sequence, and 
timing of five-frequency rf pulse to drive P1 spin bath. (b) 
Measured decay of NV spin-lock signal as a function of spin-
lock duration. When the P1 bath is not driven we record the 
blue trace. Driving the P1 bath such that the collective P1-
bath Rabi frequency equals the NV Rabi frequency gives the 
red trace, indicating strong spin polarization transfer from 
the NV to the spin-bath. 

Figure 1: Schematic of dressed-state resonant coupling and energy-
level diagrams. Two spins with dissimilar Zeeman splittings cannot 
exchange energy in the lab frame. When driven resonantly (red and 
blue circular arrows), energy exchange becomes possible. When 
the Rabi frequencies are matched, i.e., 𝛺𝐴 = 𝛺𝐵, energy conserving 
spin flip-flops can occur. 
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Localized states and solitons in delayed dynamical systems
Bruno Garbin1, Julien Javaloyes2, Giovanna Tissoni1, Stéphane Barland1,*

Institut Non Linéaire de Nice, 1361 route des lucioles, 06560 Valbonne, France
Universitat de les Illes Baleares, C/ Valldemossa km 7.5, 07122 Mallorca, Spain

Dissipative  optical  solitons  have  been  observed  in  many
experimental  situations  including  mode  locked  lasers,
nonlinear  fiber  resonators  and  semiconductor  microcavities.
Both  in  the  spatial  and  longitudinal  cases,  the  nonlinear
medium  must  be  large  enough  in  order  to  accomodate
solutions which are not  defined by boundary conditions but
instead by the light/matter interaction taking place in the bulk
of the material. In this contribution, we will demonstrate the
existence of topological solitons in a  delayed optical system.
We  prepare  the  desired  phase  space  topology  in  a  low
dimensional  system (ie without any spatial extension) and then add a delayed retroaction, which we use as
spatial degree of freedom. In these conditions, we can nucleate self-confined optical structures which consist
essentially of 2П optical phase rotations and are well described by an overdamped sine-Gordon equation [1].

The experimental system consists of a single longitudinal and transverse mode semiconductor laser which is
phase locked to a coherent external beam. The laser is biased far above threshold and the forcing strength and

frequency are set  very close to the unlocking transition. In these
conditions, the laser operates in an excitable (ie neuron-like) regime
in  which  any  perturbation  which  overcomes  a  certain  threshold
causes the laser phase to momentarily unlock and make a full 2П
rotation before locking again to the forcing. The shape and duration
of this excursion are fully determined by the phase space properties
and do not depend on the details of the nucleation process. In these
conditions, we reinject in the laser a tiny part of the beam it emits,
after a linear propagation time. The phase rotation which re-enters
the laser (a homoclinic connection of the low dimensional system)
will  then  regenerate  itself  periodically  at  each  round-trip  in  the
feedback loop.  We use  the  strong analogy  between delayed and
spatially extended systems [2,3] and plot on Fig.2 the (fully real
time) data in the comoving reference frame, rotating at the speed of
light in the feedback loop. When the delay loop is large enough, we
are able to optically nucleate and annihilate up to eight  of  these
phase rotations, whose number or configuration can then serve to
carry phase encoded information.

Our  observations  can  be  very  well  reproduced  by  a  Ginzburg
Landau equation with the addition of constant forcing and delayed

feedback. A Floquet analysis confirms the short interaction range of the structures and a multiple time scale
analysis  allows  to  describe  them as  phase  kinks  of  an  overdamped  sine-Gordon  equation.  Contrary  to  all
dissipative optical solitons observed to date whose phase was either a neutral mode or locked to an external
reference, the solitons we observe are fundamentally phase objects. Due to that, they can exist even at extremely
low power densities (we use few hundreds of microWatts), which makes them potentially useful in upcoming
coherent optical communications networks.

[1] B. Garbin, J. Javaloyes, G. Tissoni, S. Barland, Nat. Comm. in press http://arxiv-web3.library.cornell.edu/abs/1409.6350v1
[2] F. Marino, G. Giacomelli, S. Barland, Phys. Rev. Lett. 112, 103901 (2014)
[3] G. Giacomelli, A. Politi, Phys. Rev. Lett. 76, 2686 (1996)
*stephane.barland@inln.cnrs.fr

Fig.1 Localized states and dissipative solitons can exist
in  delayed  optical  systems  if  the  nonlinear  element
possesses a suitable phase space structure [1,2].

Fig.2:  In  the  comoving  reference  frame  a  self-
confined 2П phase rotation can be nucleated by a
suitable  optical  perturbation  (a).  Several
topological dissipative solitons can coexist  over a
uniformly  locked  background  (c).  (b)  and  (d):
corresponding time traces. 
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Optics of graphene and 2D materials beyond graphene 
 

Alexey Belyanin 
Department of Physics & Astronomy, Texas A&M University, College Station, TX, USA 

 
Recently there has been a surge of interest in crystalline materials with weak interlayer 

coupling that can be exfoliated into stable single-atom or few-atom layers, creating an 
ultimate 2D system. Prominent examples include graphene and layered metal 
chalcogenides such as MoS2. Another fascinating example of a 2D electron system is 
surface states of 3D topological insulators such as Bi2Se3 and Bi2Te3. Similarly to 
graphene, these surface states have chiral symmetry and gapless linear spectrum of free 
carriers near the Dirac point. So far the main effort was directed at studying peculiar 
electronic, topological, and transport properties of these 2D materials. However, their 
optical properties are equally fascinating. I will overview both linear and nonlinear 
optical response, and will show that the systems with massless Dirac fermions possess a 
giant mid/far-infrared optical nonlinearity, perhaps the highest among known materials. 
The optical response can be further enhanced by fabricating nanostructures (nanoribbons, 
nanodots etc.), applying a magnetic field, or coupling to surface plasmons. This paves the 
way to ultracompact optoelectronic devices for terahertz and infrared applications. 
Another emerging avenue of research is the optical control of 2D electron states, in 
particular their spin, pseudospin, and valley degrees of freedom. By utilizing strong spin-
orbit coupling and unique selection rules, one can implement efficient schemes for 
generating entangled electron and photon states.  

If you want to learn more about these fascinating materials from the top experts in the 
field, please attend the session “ Optics of graphene and 2D materials beyond graphene” 
to follow immediately after this talk.  

 
[1] X. Yao and A. Belyanin, Phys. Rev. Lett. 108, 255503 (2012). 
[2] M. Tokman, X. Yao and A. Belyanin, Phys. Rev. Lett. 110, 0774904 (2013). 
[3] X. Yao, M. Tokman, and A. Belyanin, Phys. Rev. Lett. 112, 055501 (2014). 
[4] X. Yao, M. Tokman, and A. Belyanin, arxiv1411.1430 
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Equations of motion for rays as particles in a Snell's law medium 
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ABSTRACT: A “particle” view of ray propagation in a Snell's law medium with a 

variable index of refraction is presented.  The particle mass is not constant but is speed 

dependent.  The equations of motion are presented in a number of ways, including in terms 

of Newton’s laws, and in the Hamiltonian, and Lagrangian formulations.  A stratified 

medium is considered and it is shown that momentum is conserved along the interface.  

When the variable mass is taken into account, Snell’s law follows from this conservation 

law, which is in contrast to the usual historical particle view of Snell’s law.  The equations 

of motion may be used to calculate the motion of ray emanating from a source as a 

function of time.  Properties of the motion are studied and an explicit example is given. 
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Numerical experiments of laser-driven THz emissions
Luc Bergé - CEA, DAM, DIF, 91297 Arpajon, France

For two decades, terahertz (THz) sources have attracted an increasing interest for various
applications in time-domain spectroscopy [1]. Here, we numerically examine the generation of
THz pulses by two-color laser filaments in gases [Fig. 1(a)]. First we identify the nonlinearities
sustaining femtosecond filaments through quantum computations of the gas polarization [Fig.
1(b)]. These confirm that laser filaments result from the dynamic balance between cubic Kerr
self-focusing and gas ionization [2]. Second, 3D numerical simulations are performed to com-
pute the THz fields emitted over several tens of cm by tunneling ionization of argon for different
filament configurations [3]. Our numerical results reproduce several experimental features and
predict THz field amplitudes as high as 2 GV/m, which is a record value in this area.

Figure 1: (a) Setup for femtosecond filamentation in gas cell. (b) Scheme for GPU acceleration of a
laser-matter-interaction code with quantum treatment of the gas response and pulse propagation com-
puted from CPU simulations. (c) Plasma spot radiating a THz pulse by downconversion of laser compo-
nents. (d) THz spectra and fields (inset) compared from a fluid-plasma model (black solid curves), PIC
simulations (red dash-dotted curves) and a unidirectional pulse propagation model (blue dashed curves).

Next we address the possibility of reaching high THz field values over sub-mm propagation
distances [Fig. 1(c)] by increasing the electron plasma density with multiple ionization events.
A fluid-Maxwell model [4] allows us to predict an oscillatory growth in the THz yield versus
the pump intensity, justified by the increasing ionization energies of the solicited electron shells.
The production of intense THz fields is examined up to laser intensities of 1017 W/cm2 in argon
and helium. Our theoretical findings are confirmed by kinetic particle-in-cell (PIC) numerical
simulations and by a unidirectional pulse propagation code as well [Fig. 1(d)].

[1] M. Tonouchi, Nat. Photonics 1, 97 (2007).
[2] Ch. Köhler et al., Phys. Rev. A 87, 043811 (2013).
[3] L. Bergé, S. Skupin, C. Köhler, I. Babushkin and J. Herrmann, Phys. Rev. Lett. 110, 073901 (2013).
[4] A. Debayle, L. Gremillet, L. Bergé, and Ch. Köhler, Opt. Express 22, 13691 (2014).
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Surface plasmon enhanced optoelectronics 
Anthony Olivieri,1 Mohammad Alavirad,2 Chengkun Chen,1 Sa’ad Hassan,3 Ewa Lisicka-Skrzek,1 

Langis Roy,2 R. Niall Tait,2 and Pierre Berini1,4,5 

1School of Electrical Engineering and Computer Science, U. of Ottawa,  2Dept. of Electronics, Carleton U., 3Dept. of Biological and 
Chemical Engineering, U. of Ottawa, 4Dept. of Physics, U. of Ottawa, 5Centre for Research in Photonics, U. of Ottawa

Nanometallic structures are essential to the conversion 
of light to surface plasmon-polaritons (SPPs) localized 
to ultra-small volumes. Such structures can provide 
highly enhanced fields, strong confinement and high 
surface sensitivity, so they are of interest in many 
applications, including electro-optic modulators and 
photodetectors, which are of interest in this paper. 

Fig. 1 gives a cross-sectional sketch of our concept 
[1]. The device includes a structure for guiding SPPs 
consisting of a metal patch (t) on an oxide layer (d) on 
doped Si. A metal grating of period Λ on the patch is 
designed to couple normally-incident p-polarised light 
to SPPs propagating along the bottom surface of the 
patch with fields that penetrate into the Si. The SPPs 
are sensitive to changes in index occurring within their 
field decay length. The patch and grating, the oxide and 
the Si form a MOS capacitor. Applying a voltage 
causes carriers to accumulate in the semiconductor near 
the oxide. The increase in carrier density decreases the 
index of the Si which then reduces neff of the SPP, and 
changes the coupling efficiency of the grating along 
with the reflected power. Reflection modulation is 
therefore achieved by modulating the coupling 
efficiency of the incident beam to the SPPs via the 
carrier refraction effect in a MOS capacitor. 

For d = 0 (no oxide), a Schottky contact is formed at 
the interface of the metal patch with Si. This structure 
is then be used as a photodetector to detect infrared 
radiation below the bandgap energy of Si via the 

internal photoelectric effect (hot carrier photoemission). 
Fig. 1. Sketch of a plasmonic modulator comprising a metal 
patch of thickness t, with a metal grating of pitch Λ, on an 
oxide layer of thickness d, on doped Si. For d = 0 (no oxide), 
the metal patch forms a Schottky contact to Si and the device 
operates as a sub-bandgap photodetector based on internal 
photoemission. 

Modulators and photodetectors following these 
concepts were fabricated on p-Si. The gratings were 
defined via e-beam litho and Au lift-off on Au patches 
defined beforehand by optical litho [2]. For the 
modulators a thin oxide layer was deposited, but for the 
Schottky detectors, the Au patches were deposited 
directly onto the p-Si immediately following an HF 
clean. 

Measured modulation traces are shown in Fig. 2(a), 
and a photocurrent response in Fig. 2(b), both on 
devices ~20 µm in diameter. First results are very 
promising: modulation into the 10’s of GHz is feasible 
and responsivities of ~10 mA/W are achievable. 
Gathered into arrays, these small surface devices are 
capable of aggregate bandwidths into the Tb/s range. 

 

Fig. 2. Top: Optical modulation traces for a MOS modulator. 
Bottom: Photoresponse of Schottky contact photodetector. 

References: 
[1] Olivieri, A., Chen, C., Hassan, S., Lisicka-Skrzek, 
E., Tait, R. N., Berini, P., “Plasmonic metal-oxide-
semiconductor reflection modulators,” submitted 
[2] Hassan, S., Lisicka-Skrzek, E., Olivieri, A., Tait, R. 
N., Berini, P., “Fabrication of a Plasmonic Modulator 
Incorporating an Overlaid Grating Coupler,” 
Nanotechnology 25, 495202, 2014 
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Collective response of microscopic ensembles of atomic dipoles

Robert Bettles
Durham University, UK
r.j.bettles@durham.ac.uk

The response of an atomic ensemble to radiation can be dramatically altered if the atoms radiate coherently (in
phase). Examples of ‘cooperative’ behavior include modified excitation lifetimes (superradiance and subradiance),
shifted resonances and highly directional emission. Such effects can easily be demonstrated in cold (sub-Kelvin)
atomic ensembles [1] but can also be shown in thermal atomic vapors which can be at room-temperature or hotter.

The high densities accessible in thermal vapor cells allow us to push atoms into regimes where dipole-dipole
interactions are significant. Fitting an advanced computer model [2] to the measured optical transmission through
a very thin (10’s of nm in thickness) cell of Rb vapor [Fig. 1(a-c)], we can extract the frequency shift induced
by these dipole-dipole interactions. The length dependence of this ‘cooperative Lamb shift’ [3] is due to coherent
interference between forward and backward propagating virtual photons and was first predicted over 40 years ago
[4]. This, as well as the corresponding cooperative broadening [5], will be discussed in this talk.

In Fig. 4 we plot the gradient of the line shift as a
function of cell thickness. For the Rb D2 resonance,
!LL=N ¼ "2!"k"3, where we have used the relationship
between the dipole moment for the s1=2 ! p3=2 transit-

ion and the spontaneous decay rate, d ¼
ffiffiffiffiffiffiffiffi
2=3

p
hLe ¼

1jerjLg ¼ 0i (see Ref. [27]). We extract the collisional

shift by comparing the data to Eq. (8) with !col the only
free parameter. The amplitude and period of the oscillatory
part are fully constrained by Eq. (7). We find the collisional
shift to be !col=2! ¼ ð"0:25$ 0:01Þ & 10"7Hzcm3,
similar to previous measurements on potassium vapor
[24]. In this high density limit, the collisional shift is also
independent of hyperfine splitting. The solid line is the
prediction of Eq. (7), and the agreement between the
measured shifts and the theoretical prediction is remark-
able (the reduced "2 for the data is 1.7). As well as
measuring the thickness dependence of the cooperative

Lamb shift, our data also provide a determination of the
Lorentz shift which can only be measured in the limit of
zero thickness. An important advance on previous studies
[8] is that the results clearly show the oscillations in the
shift versus the thickness which arises due to the relative
phase of the reradiated dipolar field.
The demonstration of the cooperative Lamb shift and

coherent dipole-dipole interactions in media with thickness
'#=4 opens the door to a new domain for quantum optics,
analogous to the strong dipole-dipole nonlinearity in
blockaded Rydberg systems [29,30]. As the cooperative
Lamb shift depends on the degree of excitation [5], exotic
nonlinear effects such as mirrorless bistability [31,32] are
now accessible experimentally. In addition, given the
fundamental link between the cooperative Lamb shift and
superradiance, subquarterwave thickness vapors offer an
attractive system to study superradiance in the small
volume limit. Finally, we note that the measured coopera-
tive Lamb shift is the average dipole-dipole interaction
for a homogeneous gas which contains both positive and
negative contributions. It could therefore be enhanced by
eliminating directions that contribute with the undesired
sign, for example, by patterning the distribution of dipoles.
These topics will form the focus of future research.
We would like to thank M. P. A. Jones for stimulating

discussions. We acknowledge financial support from
EPSRC and Durham University.

*c.s.adams@durham.ac.uk
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FIG. 3 (color online). Shift of resonance lines with density.
Measured shift of resonance lines with density and fit to the
linear, high density region for ‘ ¼ 90 nm (red squares, dashed
line) and ‘ ¼ 250 nm (blue circles, solid line).

FIG. 4 (color online). Experimental verification of the coop-
erative Lamb shift. The gradient of the dipole-dipole shift !dd=N
is plotted against cell thickness ‘. A collisional shift !col=2! ¼
"0:25& 10"7 Hz cm3 has been subtracted. The solid black line
is Eq. (7) with no other free parameters. The conversion between
experimental and universal units is outlined in the main text.
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Figure 1: (a) Experimental setup for measuring the absorption through a nanocell of Rb vapor. The cell is tapered
from 30 nm to 2 µm as shown by the cross-section schematic (b) and Newton’s rings (c), allowing us to probe
different vapor thicknesses. (d) Experimental measurement of the cooperative Lamb shift in the nanocell. Solid
line is theoretical prediction from [4].
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Kinetics of Ag Islands on Ag(111) studied via Scanning Tunneling Microscopy 
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Raman spectroscopy is a powerful tool for chemical identification. Its spatial 

resolution and signal strength can be improved by surface-enhanced Raman 

spectroscopy, which relies on plasmonic resonances in metal nanostructure.  

In this study, large scale diffusion of surface structures (0.5µm x 0.5µm) on 

Ag(111) was observed at room temperature via Scanning Tunneling 

Microscopy (STM). The dynamics of single nanostructure diffusion was 

investigated and observed to have growth different modes. The diffusion 

partially contributes to the interaction of the STM tip with the substrate and 

was observed with both silver and tungsten tips. 

   

Figure:  a) 1µm x 1µm STM image of Ag(111) after tip-assisted surface diffusion.  

b)-c) Healing of an individual vacancy on Ag(111) surface. 

a) b) c) 
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Integrating cavity measurements: A new paradigm in spectroscopic optical 
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Spectroscopic optical characterization and identification of molecular structures and complex 

systems would greatly benefit from new technologies capable of analyzing molecular species in small 

quantities with maximum sensitivity and specificity. Absorption, fluorescence, and vibrational 

spectroscopy measurements are traditionally considered as the most viable methods for such analysis. 

However, each of those spectroscopic tools would benefit tremendously from either increased sensitivity 

or accuracy. Specifically, absorption measurements are known to be prone to the effects of scattering. 

Fluorescence, and most importantly, Raman measurements could benefit greatly from several orders of 

magnitude of increased sensitivity in systems where molecular species are sparsely distributed in space 

(such as water or air quality sensing). 

 

Integrated cavities (ICs) have a 

long history of applications in optical 

measurements. In this report, we outline 

some novel applications using ICs for 

the optical characterization of 

absorption, fluorescence, and Raman 

scattering. A schematic diagram of the 

experimental arrangement is shown in 

Fig. 1A. A sample is placed inside the 

IC, and the incident light is directed into 

the IC through a small hole in its wall. 

By using a non-absorbing scattering 

material, such as fumed silica powder, 

for the ICs walls, the ICs quality factor 

can be made much larger; 10,000 or 

greater. This large Q-factor dramatically 

increases the interaction distance 

through the sample to tens or even 

hundreds of meters. Furthermore, the 

diffuse nature of the IC gives a highly 

isotropic distribution of light in the cavity, allowing the entire sample volume to be uniformly probed, 

compared to the very small excitation volume in a typical high-numerical-aperture microscope setup. 

Additionally, the diffuse nature of the IC minimizes the effects of scattering on any measurement.  Here, 

we present several applications for IC sensing, including unmatched sensitivity in fluorescence and 

Raman measurements, and unparalleled accuracy in optical absorption measurements 

 

References 
1. J. N. Bixler, et. al., "Ultrasensitive detection of waste products in water using fluorescence emission cavity-enhanced 

spectroscopy," Proceedings of the National Academy of Sciences 111(20), 7208-7211 (2014). 

2. M. T. Cone, et. al., "Measurement of the Absorption Coefficient of Biological Materials Using Integrating Cavity Ring-

Down Spectroscopy," in Biomedical Optics 2014, p. BS4B.5, Optical Society of America, Miami, Florida (2014). 

Figure 1: (A) Cut away rendering of integrating cavity with sample inside. 

(B) Raman detection of toxins in air. (C) Detection limits of urobilin 

fluorescence (1). (D) Absorption coefficients measured for living RPE cells 

and mitochondria using integrating cavity ring down spectroscopy (2). 
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At the frontier between non-linear optics and the physics of Bose Einstein 
condensation, semiconductor microcavities opened a new research field, both for 
fundamental studies of bosonic quantum fluids in a driven dissipative system, and for the 
development of new devices for all optical information processing.  

Optical properties of semiconductor microcavities are governed by bosonic quasi-
particles named cavity polaritons, which are light-matter mixed states. Cavity polaritons 
propagate like photons, but interact strongly with their environment via their matter 
component.   
 In this talk, I will describe how semiconductor microcavities can be engineered into 
1D and 2D lattices allowing implementing complex hamiltonians and progressing toward 
quantum simulation. I will show how we could generate polaritons in a 1D quasi-periodic 
Fibonacci potential and reveal features characteristic for a fractal energy spectrum. Then I 
will present a 2D honeycomb lattice for polaritons, which allows direct imaging of Dirac 
cones and opens the way to the investigation of the hydrodynamics of Dirac polaritons. 
Finally 1D lattices sustaining a non-dispersive band or “flat band” will be presented: 
condensation in localized plaquette states is evidenced with very short extension of the spatial 
coherence.  
 

All these examples highlight the great potential of semiconductor cavities as a new 
platform to investigate the physics of interacting bosons.  
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Figure : (a) Scanning electron microscopy (SEM) image of a 1D cavity modulated following an 
Fibonacci sequence ; (b) SEM image of a 2D honeycomb lattice of micropillars; (c) Angle 
resolved polariton emission directly evidencing Dirac cones. 
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Devika Sil1, Kyle D.Gilroy 2, Colin Murphy1, Svetlana Neretina2 & Eric Borguet1 

1Department of Chemistry, Temple University, Philadelphia, PA 19122 

2College of Engineering, Temple University, Philadelphia, PA 19122 

 
The collective excitation of free electrons in a metal nanoparticle results in a localized surface 
plasmon resonance (LSPR) which is a sensitive probe of the nanomaterial and its local dielectric 
environment.  We use the LSPR of metal nanoparticles to detect gases in the atmosphere and ions in 
solution via changes in optical transmission providing a simple sensing platform.  We have 
discovered that the excitation of the LSPR of a thin film of Au nanoparticles in the presence of H2 
gas leads to rapid and reversible changes in the LSPR.[1] The mechanism of sensing is still under 
debate.  However, it is believed that the LSPR produces hot electrons that can provoke chemical 
reactions, e.g., dissociation of molecules.  In the case of hydrogen this may lead to the formation of 
a metastable gold hydride with optical properties distinct from the initial Au nanostructures.  
Numerical simulations, using the discrete dipole approximation, were carried out to explain the 
optical changes associated with the formation of the putative metastable AuHX phase.  Recent 
developments in the detection of simple gases and ions in solution will be described. 
 
 

 
Au nanoparticle plasmonic excitation creates hot electrons that 
drive H2.dissociation and formation of metastable gold 
hydride.[1] 

 
 
 
1. Seeing Is Believing: Hot Electron Based Gold Nanoplasmonic Optical Hydrogen SensorD Sil, KD Gilroy, A Niaux, A 
Boulesbaa, S Neretina, E Borguet, ACS Nano 8 (8), 7755-7762 (2014) 
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Large	  scale	  atom	  interferometers	  for	  gravitation	  experiments	  
A. Bertoldi1, B. Barrett1, L. Antoni-Micollier1, P.-A. Gominet1, B. Battelier1, W. Chaibi4, R. Geiger2, B. 

Canuel1, S. Gaffet3, A. Landragin2, and P. Bouyer1 
1LP2N, IOA, Rue François Mitterrand, F-33400, Talence, 2SYRTE, 61, avenue de l'Observatoire, F-75014 PARIS, 3LSBB, 

La Grande Combe, F-84400 Rustrel, 4ARTEMIS, Côte‐d’azur Observatory, Nice, France 

Atomic Interferometry (AI) has shown to be an extremely performing probe of inertial forces, and has revealed 
sensitivities to acceleration or rotation competing with or even beating state-of-the art sensors based on other 
technologies. The high stability and accuracy of AI sensors relying on cold atoms is at the basis of several 
applications ranging from fundamental physics (e.g. tests of general relativity [1, 2] and measurements of 

fundamental constants [3–5]), geophysics (gravimetry [6], 
gradiometry [7]) and inertial navigation [8]. In contrast with 
many experiments, which aim at making AI small and compact 
[9], large-scale matter-wave sensor open new applications in 
geoscience and fundamental physics. Increasing sensitivity for 
gravitation experiments relies on increasing the interferometer 
baseline, either by increasing the interferometer area [10] or by 
performing differential measurements on a large scale. 

Increasing the interferometer area is achieved by extending the 
interrogation time [10]. We will review the recent experimental 
results with free-fall dual species interferometer [11], where 

two atomic species, 39K and 87Rb, are used to verify that two 
massive bodies undergo the same gravitational acceleration 
regardless of their mass or composition. In another experiment, 
large-scale differential gravitational measurement is using an 
array of Atom Interferometers (AIs) configured to differentiate 
Newtonian Noise, geodetic signal and GW detection. In this 
gravitation antenna, each of the AIs measures the local gradient of 
gravitational acceleration and the correlation between distant 
sensors enables to cancel out fluctuations of the terrestrial 
gravitational forces. With the foreseen cold atom technology 
developments in the next decade, strain sensitivities down to 1019 
in the 0.1-10 Hz band are within reach, offering interesting 
complementary observations to optical GW detectors operating at 
higher frequencies.	   

[1] S. Dimopoulos, P. W. Graham, J. M. Hogan, and M. A. Kasevich, Phys. Rev. Lett. 98 , 111102 (2007). 
[2] D. N. Aguilera, et al. , Class. Quantum Grav. 31 , 115010 (2014). 
[3] J. B. Fixler, G. T. Foster, J. M. McGuirk, and M. A. Kasevich, Science 315 , 74 (2007). 
[4] G. Lamporesi, A. Bertoldi, L. Cacciapuoti, M. Prevedelli, and G. M. Tino, Phys Rev. Lett. 100, 050801 (2008). 
[5] R. Bouchendira, P. Cladé, S. Guellati-Khelifa, F. Nez, and F. Biraben, Phys Rev. Lett. 106 , 080801 (2011). 
[6] A. Peters, K. Y. Chung, and S. Chu, Nature 400 , 849 (1999). 
[7] M. J. Snadden, J. M. McGuirk, P. Bouyer, K. G. Haritos, and M. A. Kasevich, Phys Rev. Lett. 81, 971 (1998). 
[8] M. A. Kasevich and B. Dubetsky, United States Patent 7317184. 
[9] Bongs, Kai, et al., Quantum Information and Measurement. Optical Society of America, 2014. 
 [10] R. Geiger, et al., Nature comm. 2, 474 (2011). 
[11] B. Barrett, et al., Proceedings of the International School of Physics “Enrico Fermi” on Atom Interferometry (2014). 

 

39K (blue) and 87Rb (red) interference fringes 

 

The AI Gravitation Antenna prototype. 
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Quantum optomechanics 
Warwick Bowen 
Australian Centre for Engineered Quantum Systems, University of Queensland, Australia 
 

Quantum optomechanics is the study of the quantum nature of interactions between light and matter. In 
recent years, much progress has been made in the field using cavity optomechanical systems, where the 
motion of a macroscopic mechanical oscillator, such as a cantilever or beam, is controlled and measured via 
a resonantly enhanced optical field. Some important examples include, cooling to near the quantum ground 
state where only the zero-point motion of the oscillator remains; strong optomechanical coupling where 
energy is resonantly exchanged between light and mechanics at a rate faster than all dissipative rates, and 
even faster than the quantum decoherence rate, the generation of macroscopic quantum entanglement 
between a microwave field and a mechanical oscillator; optical squeezing via radiation pressure forces; and 
the observation of the effect of radiation pressure shot noise on the motion of a mechanical oscillator.  
 

Quantum optomechanical systems are particularly interesting due to their prospect to test the transition from 
quantum to classical physics at new size scales and in new parameter regimes, and perhaps even contribute 
towards reconciling quantum mechanics and general relativity. Furthermore, devices developed for 
quantum optomechanics are beginning to be spun-off into precision sensing applications, with state-of-the-
art sensitivity realized in areas such as accelerometry, magnetometry, and force sensing; and potential 
applications in chronometry (measurements of time) and quantum information science amongst other areas. 
 

In this talk I will give an 
overview of the field discussing 
some of the recent major results, 
and describe work in my group 
on optomechanics with 
superfluids, applications in 
biophysics, and progress 
towards the generation of 
macroscopic non-classical states 
of matter.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1:  Left: canonical cavity optomechanical systems. Right: diverse range of architectures. Images from M. 
Aspelmeyer, T. J. Kippenberg, and F. Marquardt, Cavity Optomechanics arXiv:1303.0733 (2013). 
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Silicon Photonics 

J. E. Bowers 

University of California Santa Barbara, California, USA 
*bowers@ece.ucsb.edu 

 
 
Silicon photonics has a number of advantages that make it interesting for quantum electronics.  Ultralow 
loss waveguides have been demonstrated on silicon with losses below 0.001 dB/cm[1].  This enables high 
Q resonators with Qs of 80 million or higher (Fig. 1a) [2]. Since the linewidth of a semiconductor laser 
depends on the Q, this means narrow linewidth lasers are possible on silicon (Fig. 1b) [3-5] 

 
Widely tunable lasers with linewidths of just 9 kHz have been demonstrated[5].  Interestingly, tunable 
lasers made with high Q rings, have a mode spacing that varies widely with tuning[6,7], which results in 
interesting properties.   
 
Tunable lasers can be combined with integrated diffraction gratings to make a one dimensional scanner.  
Two dimensional scanners can be made by integrating an optical phased array grating emitter for scanning 
in the orthogonal direction[8].  This device contains 164 photonic devices integrated on a chip, illustrating 
the high yield of silicon photonics, and it can maintain an optically focused beam over about a week 
without readjustment.  This is far more stable than equivalent bulk optic devices.  
 
Integration of low loss delay lines with gain elements allows very stable mode locked lasers.  Reduction in 
linewidths of passively mode locked lasers by a factor of over 70 have been demonstrated by integrating 
silicon delay lines, and greater reduction in phase noise and timing jitter are possible with the integration of 
lower loss silicon nitride waveguides.   
 
Quantum dot gain regions on silicon have been demonstrated to yield low threshold (100 A/cm2) and high 
power (175 mW CW) and may enable direct growth of III-V gain regions on silicon[9]. 

  
Fig. 1. (a) Dependence of ring resonator Q on bend radius for an integrated ring resonator[2].  (b) Dependence of 
linewidth and sidemode suppression on loss for a ring resonator laser[6]. (c) Dependence of linewidth of a passively 
mode locked laser on integrated coupling of a passive resonator[10].  
[1] J.F. Bauters, M.J.R. Heck, D.D. John, J.S. Barton, C.M. Bruinink, A. Leinse, R.G. Heideman, D.J. Blumenthal, J.E. Bowers, 
"Planar waveguides with less than 0.1 dB/m propagation loss fabricated with wafer bonding," Optics Express, 19 (24), 24090, (2011). 
[2] D. Spencer, et al., “Integrated waveguide coupled Si3N4 resonators in the ultrahigh-Q regime”, Optica 1, 2014. 
[3] J. Hulme, J. Doylend, and J. Bowers, "Widely tunable Vernier ring laser on hybrid silicon," Opt. Express  21, 19718-19722 (2013). 
[4] C. Santis, A. Yariv, et al., “High coherence semiconductor lasers based on integral high Q resonators in hybrid Si/III-V platform”, 
PNAS 111, 2879 (2014).  
[5] Sato et al., “High Output Power and Narrow Linewidth Silicon Photonic Hybrid Ring-Filter External Cavity Wavelength Tunable 
Lasers”, ECOC (2014).  
[6] B. Liu, A. Shakouri, J. E. Bowers, "Wide tunable double ring resonator coupled lasers," IEEE PTL , vol.14, p.600, May 2002. 
[7] Srinivasan et al., Submitted to Optics Express (2014) 
[8] J. C. Hulme, et al., “Fully integrated hybrid silicon free-space beam steering source with 32 channel phased array”, SPIE, 2014  
[9] A. Liu et al., “High performance continuous wave 1.3  µm quantum dot lasers on silicon”, Applied Physics Letters 32 (2014).  
[10] S. Srinivasan, et al., “Harmonically Mode-Locked Hybrid Silicon Laser With Intra-Cavity Filter to Suppress Supermode Noise”, 
IEEE Journal of Selected Topics in Quantum Electronics, Volume: 20 Issue: 4, 1, Jul-Aug 2014 
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Observation of Optical Polarization Möbius Strips 
	  

Thomas Bauer,1,2 Peter Banzer,1,2,3  Ebrahim Karimi,3 ∗  
Sergej Orlov,1,3 Andrea Rubano,4,5  Lorenzo Marrucci,4,5 

Enrico Santamato,4  Robert W Boyd3,6 and Gerd Leuchs1,2 
	  
	  

1 Max Planck Institute for the Science of Light, Guenther-Scharowsky-Str. 1, 
D-91058 Erlangen, Germany; 2Institute of Optics, Information and 
Photonics, Friedrich-Alexander-University, Erlangen-Nuremberg, Staudtstr. 
7/B2, D-91058 Erlangen, Germany; 3Department of Physics, University of 
Ottawa, 25 Templeton, Ottawa, Ontario, K1N 6N5 Canada; 4Dipartimento 
di Fisica, Università di Napoli Federico II, Compl. Univ. di Monte S. 
Angelo, via Cintia, 80126 Napoli, Italy; 5 CNR-SPIN, Compl. Univ. di 
Monte S. Angelo, via Cintia, Napoli, Italy; 6Institute of Optics, University 
of Rochester, Rochester, New York, 14627, USA 

	  
 
 Möbius strips are three-dimensional (3D) geometrical structures that hold great 
fascination because of their peculiar property of being surfaces with only one “side” – or, 
more technically, are “non-orientable” surfaces. Despite being easily realized artificially, 
for example with a strip of paper or of other flexible material, the spontaneous 
emergence of these structures in nature and science is exceedingly rare. Examples have 
occasionally been reported in chemistry and biology, particle physics, and materials 
science. A theoretical prediction that even the vectorial field of an electromagnetic wave, 
under suitable conditions, can assume a Möbius structure was advanced some years ago, 
but hitherto has remained unverified. Here, we generate Möbius strips of optical 
polarization by tightly focusing the light beam emerging from a q-plate, a liquid crystal 
device that modifies the polarization state of light in a space-variant manner, introducing 
an optical singularity of given integer topological charge 2q. Using a recently developed 
method for 3D nano-tomography of the optical vector field we fully reconstruct the light 
polarization structure in the focal region, confirming the appearance of Möbius 
polarization structures with 2|q|+2 half twists. Besides its fundamental interest, this result 
is important for complex light beam engineering and optical micro and nano fabrication.	  
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Vector Magnetometry with Solid-State, Nitrogen Vacancy Centers in Diamond

H. Clevenson1,2, D. Englund2, and D. A. Braje1∗
1 Quantum Information and Integrated Nanosystems, MIT Lincoln Laboratory, Lexington, MA 02420
2 Research Laboratory for Electronics, Massachusetts Institute of Technology, Cambridge, MA 02139

Quantum defect centers are promising candidates for all-solid-state sensors. In particular, the nitrogen vacancy
center in diamond has ideal characterisitics such as its ability to operate at room temperature, to be initialized,
and read out optically and to be manipulated with radio frequency fields. In recent years, the ability to address
individual nitrogen vacancy centers has provided knowledge of the level structure and dynamics of these atom-like
systems. In this talk, we use insight gained with single vacancies, but focus on using ensembles of N defects, where
the magnetometer sensitivity statistically scales as

√
N . We note a key differences between atomic and solid-state

ensembles such as multiple quantization axes in the solid-state system. For example, in the electron spin resonance
data shown in Fig. 1, the projection of the magnetic field along each of the four tetragonal axes of the diamond
are resolved in a single scan. Taking advantage of the high index of refraction in diamond, we use total-internal
reflection in the diamond to create a light-trapping geometry that enables efficient excitation of large ensembles,
and we present sensor measurements made in ambient conditions for low-frequency magnetic fields with noise floor
better than 30 pT/

√
Hz. We compare our nitrogen vacancy magnetometry measurements to on-going cold-atom

research.
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FIG. 1: Electron spin resonance of an ensemble of vacancy centers in a 30 G bias magnetic field. The differing projection of
the magnetic field along each of the four crystal axes gives rise to 4 pairs of zeeman split doublets denoted by the arrows,
which connect resonances for a given orientation.

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.

∗Electronic address: braje@ll.mit.edu
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Subwavelength and Nanostructured Photodetectors 
Mark L. Brongersma, Geballe Laboratory for Advanced Materials, Stanford University, 

Stanford, CA USA 94305, Fax: (650) 736-1984; Email: Brongersma@stanford.edu 

 
The nanophotonics field is directed towards making the smallest possible structures and 
devices that can manipulate light. Researchers in this field have elegantly shown how both 
metallic (i.e. plasmonic) and semiconductor nanostructures can manipulate light well below 
the free-space diffraction limit. In this presentation, I will illustrate how such structures can 
be used to miniaturize the conventional micron-scale photodetectors we have today and 
provide new functionalities. Reducing detector size to the nanoscale has obvious benefits in 
terms of increased speed, decreased noise and reduced power consumption. The new 
functionalities that can be created at the nanoscale are perhaps less obvious. I will start by 
discussing how optical resonances in semiconductor and metallic nanostructures can be 
exploited to effectively capture light in photodetectors with a deep-subwavelength active 
volume. I will then show how nanometallic structures can be designed to afford polarization-
sensitive detection, wavelength-splitting functions, render a detector ‘invisible’, and serve as 
transparent electrodes. I will also illustrate how surface plasmon excitations in metallic 
nanostructures can facilitate and enhance hot electron emission and detection. Finally, I will 
discuss recent experimental results that suggest a link between the polarization state of the 
incident light and the direction of hot electron emission.  
 

  
 
Figure 1: The performance of nanostructured aluminum electrodes with space-filling fractal 
geometries (Left) were analyzed as possible alternatives to gratings and grids. Their 
superior performance was experimentally demonstrated by integrating these electrodes onto 
a conventional Si photodetector. 
 
References 
[1] “Transparent Metallic Fractal Electrodes for Semiconductor Devices,” Farzaneh 

Afshinmanesh, Alberto G. Curto, Kaveh M. Milaninia, Niek F. van Hulst, and 
Mark L. Brongersma Nano Letter, 14, 5068–5074 (2014). 

[2] “Hot-Electron Photodetection with a Plasmonic Nanostripe Antenna,” Hamidreza 
Chalabi, David Schoen, and Mark L. Brongersma, Nano Lett., 14, 1374 – 1380 
(2014). 

[3] “An Invisible Metal-Semiconductor Photodetector,” Pengyu Fan, Uday Chettiar, 
Linyou Cao, Farzaneh Afshinmanesh, Nader Engheta, and Mark L. Brongersma, 
Nature Photonics 6, 380–385 (2012). 

[4] “Redesigning Photodetector Electrodes as an Optical Antenna,” Pengyu Fan, 
Kevin C. Y. Huang, Linyou Cao, and Mark L. Brongersma, Nano Lett., 13, 392–
396  (2013). 
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Collective	  Lamb	  Shift	  induced	  Quantum	  Tunneling	  in	  High	  
Order	  Nonlinearity	  

Han	  Cai1,	  Da-‐Wei	  Wang1	  and	  Marlan	  O.	  Scully1,2,3	  

1Texas A&M University, College Station, TX 77843, 2Princeton University, Princeton, NJ 08544, 3Baylor University, Waco, 
TX 76798 

Abstract	  

Timed	  Dicke	  states	  (TDS)	  created	  by	  single-‐photon	  absorption	  of	  N	  identical	  two-‐level	  atoms	  

have	   interesting	   phenomena	   such	   as	   enhanced	   decay	   rate,	   directional	   emission1 	  and	  

collective	  Lamb	  shift2.	  By	  coherently	  coupling	  the	  excited	  state	  to	  a	  third	  state	  with	  standing	  

wave,	  we	   can	   construct	   a	   lattice	   in	  momentum	   space,	   the	   superradiance	   lattice3(SL).	  We	  

study	  the	  collective	  decay	  rates	  and	  Lamb	  shifts	  of	  the	  TDS	  in	  the	  SL,	  as	  shown	  in	  Fig.1.	  The	  

collective	   Lamb	   shifts	   can	   induce	  quantum	   tunneling	  between	   the	   forward	  and	  backward	  

superradiant	   TDS.	   The	   corresponding	   high-‐order	   nonlinearity	   is	   therefore	   enhanced,	   as	  

shown	  in	  Fig.2.	  	   	  	  	  	  	  	  	  	  	  	  	  

	   	  	  	  	  	   	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  Marlan	  O.	  Scully,	  et	  al.	  "Directed	  spontaneous	  emission	  from	  an	  extended	  ensemble	  of	  n	  atoms:	  Timing	  is	  everything."	  Physical	  review	  letters	  96.1	  (2006):	  

010501.	  
2	  Marlan	  O.	  Scully,	  "Collective	  Lamb	  shift	  in	  single	  photon	  Dicke	  superradiance."	  Physical	  review	  letters	  102.14	  (2009):	  143601.	  
3	  Da-‐Wei	  Wang,	  et	  al.	  "Superradiance	  Lattice."	  arXiv	  preprint	  arXiv:1403.7097(2014).	  

	  

FIG.1	  Superradiance	  and	  Collective	  Lamb	  
Shift	  in	  timed-‐Dicke	  state	  space	  

FIG.2	  The	  probability	  distribution	  in	  steady	  state,	  the	  
ratio	  of	  backward-‐emission	  superradiance	  state	  over	  
forward-‐emission	  one	  is	  significantly	  enhanced.	  

Speaker: Han Cai
Session: Poster Session
Schedule: poster session

PQE-2015 92



 

Fig. 2 Pressure-volume diagram of a 
quantum heat engine based on an Otto 
cycle. The numbers correspond to the 
various steps in the cycle: 1) an adiabatic 
expansion, 2) A cold isochore, 3) An 
adiabatic compression, and 4) A hot 
isochore. Steps 1 & 3 can be speeded up 
using a STA. 

!

Shortcuts to Adiabaticity 

in Quantum Thermodynamics 

Adolfo del Campo                                                                      
Department of Physics, University of Massachusetts Boston, USA 

A shortcut to adiabaticity (STA) is a non-adiabatic protocol that reproduces the 
same target state that would result in a strictly adiabatic dynamics. It resorts on 
an external control to tailor excitations and can be used to induce a “fast motion 
video of the adiabatic dynamics” (see Fig.1).  
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! 'Classical'&'Quantum'thermodynamics:'cooling,'engines'
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Fast'nonEadiaba2c'processes'that'mimic'adiaba2c'dynamics''

by'controlling'excita2ons'

!!normal!expansion!!!!!!!!!!!shortcut!to!adiaba3city!!!
Quantum!Piston!!

 

STA’s have direct applications in finite-time 
thermodynamics. Ideal reversible engines 
operate at the maximum efficiency but have 
zero power. Realistic engines, on the other 
hand, operate in finite-time and are 
intrinsically irreversible, implying friction 
effects at short cycle times. The engineering 
goal is to find the maximum efficiency allowed 
at the maximum possible power. In this talk it 
is shown that, by utilizing STA’s in a quantum 
engine cycle, one can engineer a 
thermodynamic cycle working at finite power 
and zero friction. These findings are 
elucidated using a harmonic oscillator 
undergoing a quantum Otto cycle, shown in 
Fig. 2. 

Bibliography                                                                                                            
[1] A.  del Campo, Shortcuts to adiabaticity by counterdiabatic driving,   Phys. Rev. Lett. 
111, 100502 (2013).                                                                                                              
[2] S. Deffner, C. Jarzynski, A.  del Campo, Classical and quantum shortcuts to 
adiabaticity for scale-invariant driving, Phys. Rev. X 4, 021013 (2014).                          
[3] A. del Campo, J. Goold, M. Paternostro, More bang for your buck: Super-adiabatic 
quantum engines, Sci. Rep. 4, 6208 (2014) 

Fig. 1 Nonadiabatic expansion of a 
Bose-Einstein condensate in a quantum 
piston. In the absence of the auxiliary 
potential (left), uncontrolled excitations 
occur, such as ripples and shock waves 
in the density profile. In a STA (right), 
thanks to an auxiliary potential 
modulating the confinement, the density 
profile adjusts to the instantaneous 
ground state of the expanding piston at 
all times.  

!
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Coherent Control of Light Transmission and Absorption  
in Random Scattering Media 

 
Hui Cao 

 
Department of Applied Physics, Yale University, New Haven CT 06511 

hui.cao@yale.edu 
 

 
Strongly scattering media usually look opaque, even though the material has little absorption. 
Due to the diffusion of light, the average transmission varies as one over the thickness of the 
medium. It poses a severe limitation for biomedical imaging and telecommunication. Recently it 
has been shown that shaping the wavefront of the incident light can focus light through a 
scattering medium or inside the scattering sample. Nevertheless, focusing through a sample 
mainly involve a rearrangement of the intensity distribution of the transmitted waves and does 
not significantly modify the total transmission.  
 
We experimentally demonstrate that the total transmission through a multiple-scattering film can 
be varied by one order of magnitude with wavefront shaping. The experimental is designed to 
control the phase of both polarizations of light on a large number of pixels and with minimal 
phase fluctuations between the two polarizations. Using a sequential algorithm, we minimize and 
maximize the total transmission through highly scattering samples consisting of layers of 
nanoparticles of various thicknesses and of mean free path. We show that the mesoscopic 
correlations are essential to significantly modify the total transmission, by comparing the 
experimental results to the prediction of an uncorrelated model that ignores these correlations. 
The ability to modify the total transmission in disordered environments can help to improve 
imaging and telecommunication techniques, allowing to increase the penetration depth of the 
waves. 
 
We have applied the same technique to coherent control of optical absorption in random 
scattering media. Absorption is commonly regarded as an intrinsic property of the medium. 
Recent theoretical studies predicted that the total amount of light absorbed in a weakly-absorbing 
scattering medium can be tuned significantly by controlling the interference effects of multiply 
scattered waves. We experimentally demonstrated this with a dye-sensitized solar cell, where the 
mesoporous nanocrystalline TiO2 photoanode provides strong scattering, and a dye absorbs light 
and thereby injects electrons into the TiO2 conduction band. By optimizing the input wavefront 
of a laser beam, we are able to increase or decrease the closed-circuit current.  The ability to 
control globally or locally the absorption opens new ways to study photochemistry. 
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Ultracold Molecules in Crystals of Light: A Highly Tunable System  

for Exploring Novel Materials, Quantum Dynamics, and Quantum Complexity 

Lincoln D. Carr1, Kenji Maeda1, and Michael L. Wall1,2 

1. Department of Physics, Colorado School of Mines, Golden, CO USA 

2. JILA, National Institute of Standards and Technology and Univ. Colorado, Boulder, CO USA 

Ultracold molecules at sub-microKelvin temperatures and trapped in crystals of light (optical lattices) 

present a new regime of physical chemistry and a new state of matter: complex dipolar matter.  Such 

systems open up the prospect of tunable quantum complexity.  We present models for the quantum 

many-body statics and dynamics of present experiments on polar bi-alkali dimer molecules.  We are 

developing and will discuss Hamiltonians and simulations for upcoming experiments on dimers beyond 

the alkali metals, including biologically and chemically important naturally occurring free radicals like the 

hydroxyl free radical (OH), as well as symmetric top polyatomic molecules like methyl fluoride 

(CH3F).  These systems offer surprising opportunities in modeling and design of new materials, in addition 

to well-known exciting possibilities in quantum computing applications.  For example, symmetric top 

polyatomics can be used to study quantum molecular magnets and quantum liquid crystals.  Our 

numerical method of choice is massively parallel high performance computing via variational matrix-

product-state (MPS) algorithms, a highly successful form of data compression used to treat lowly 

entangled dynamics and statics of many-body systems with large Hilbert spaces; we supplement our 

calculations with exact diagonalization and simpler variational, perturbative, and other approaches.  We 

use MPS algorithms not only to produce experimentally measurable quantum phase diagrams but also to 

explore the dynamical interplay between internal and external degrees of freedom inherent in complex 

dipolar matter.  Our group maintains open source code (openTEBD and openMPS) available freely and 

used widely.  We have worked and will continue to work closely with experimentalists throughout our 

projects, and make detailed use of ultracold molecular properties and constants to provide concrete and 

accurate explanations, guidance, and inspiration. 

[1] Kenji Maeda, M. L. Wall, and L. D. Carr, “Hyperfine structure of OH molecule in electric and magnetic 

fields,” New J. Phys., under review, arXiv:1410.3849 (2014) 

[2] M. L. Wall, Kenji Maeda, and L. D. Carr, “Realizing unconventional quantum magnetism with 

symmetric top molecules,” New J. Phys., under review, arXiv:1410.4226 (2014) 

[3] M. L. Wall, Kenji Maeda, and L. D. Carr, “Simulating quantum magnets with symmetric top 

molecules,” Ann. Phys. (Berlin) 525, 845 (2013) 

[4] M. L. Wall, E. Bekaroglu and L. D. Carr, “The Molecular Hubbard Hamiltonian: Field Regimes and 

Molecular Species,” Phys. Rev. A, 88, 023605 (2013) 

[5] M. L. Wall and L. D. Carr, “Out of equilibrium dynamics with Matrix Product States,” New J. Phys. 14, 

125015 (2012) 

[6] L. D. Carr, David DeMille, Roman V. Krems, and Jun Ye, “Cold and Ultracold Molecules: Science, 

Technology, and Applications,” New J. Phys. 11, 055049 (2009) 
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X-ray frequency combs via optical quantum control

S. M. Cavaletto1, Z. Liu1,2, Z. Harman1, C. Ott1, C. Buth1, T. Pfeifer1, and C. H. Keitel1

1 Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany
2 School of Nuclear Science and Technology, Lanzhou University, 730000, Lanzhou, People's Republic of China

The introduction and development of optical frequency combs led to major advances in metrology and
precision spectroscopy. Similarly, x-ray frequency combs are expected to result in wide-ranging applications ,
such as stringent tests of astrophysical models and quantum electrodynamics, a more sensitive search for the
variability  of  fundamental  constants,  and  precision  studies  of  nuclear  structure.  Present  methods  for  the
generation  of  extreme-ultraviolet  (XUV)  frequency  combs  are  based  on  intracavity  high-order  harmonic
generation (HHG), but relativistic effects limit its efficiency at  higher harmonic orders. The investigation of
alternative schemes to further increase the comb frequency at accessible driving intensities is therefore required.

We present  x-ray  pulse-shaping  methods  [1,2,3]  to  generate  a
comb in the absorption spectrum of an ultrashort high-frequency pulse.
The methods take advantage of the three-level Λ-type system depicted
in Fig. 1: The x-ray transition 1 → 2 is initially excited by a tuned
short pulse, while the subsequent decay of the excited level 2 is then
optically  manipulated  by  an  optical-frequency-comb laser,  coupling
this  state  to  the  nearby  metastable  level  3.  We show that  a  comb
centered on the energy of the x-ray transition is thereby imprinted onto
the absorption spectrum of the transmitted x-ray pulse.

In the absence of optical control, the decay of the excited level
results in a well known Lorentzian line shape, with width given by the
decay rate of the level [dashed line in Fig. 2(a)]. However, one can
use the train of optical pulses from an optical-frequency-comb laser to
manipulate the decay of the system and periodically induce identical
phase shifts  within its  decay time [2].  As shown in Fig.  2(a),  this
results  in  an x-ray spectrum displaying  a  series  of  equally  spaced
Lorentzian lines of width still given by the decay rate of level 2 and
separated by the repetition frequency of the optical frequency comb.  

Alternatively, one can take advantage of the long decay time of
the  metastable  level  3  to  effectively  store  the  initially  generated
population  and  coherence.  Each  optical  pulse  from  the  optical-
frequency-comb  laser  is  then  used  to  shortly  repopulate  the  fast
decaying level 2, ensuring that all the population is transferred back
to the long-lived level 3 at the conclusion of the pulse. Thereby, an
increase in the effective decay time of the system is obtained [3]. This
results in a broadband x-ray comb, displayed in Fig. 2(b), spanning as
wide  as  the  driving  optical  frequency  comb  and  consisting  of
identically  separated  Lorentzian  peaks  whose  width,  given  by  the
long, effective decay time of the system, is by orders of magnitude
smaller than the natural decay width of the level. 

We implement the above schemes with the lowest excited states of heliumlike beryllium ions, showing that
they provide higher comb frequencies and require lower optical-comb peak intensities than currently explored
HHG-based methods, and may be implemented by currently available x-ray technology.

[1] S. M. Cavaletto, Z. Harman, C. Buth, and C. H. Keitel, Phys. Rev. A 88, 063402 (2013).
[2] Z. Liu, C. Ott, S. M. Cavaletto, Z. Harman, C. H. Keitel, and T. Pfeifer, New J. Phys. 16, 093005 (2014). 
[3] S. M. Cavaletto, Z. Harman, C. Ott, C. Buth, T. Pfeifer, and C. H. Keitel, Nature Photonics 8, 520 (2014).

Fig.  1:  Three-level  scheme  used  to
describe the model system.

Fig.  2:  X-ray  comb in  the  optically
manipulated absorption spectrum, (a)
without  and  (b)  with  population
storage in the long-lived state 3.
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Quantitative test of general theories of the intrinsic laser linewidth

A. Cerjan, A. Pick, A. W. Rodriguez, Y. D. Chong, S. G. Johnson, and A. D. Stone
Department of Applied Physics, Yale University, New Haven, CT 06520, USA
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FIG. 1: Plot showing the linewidth predictions given by the
TCMT (green), corrected Schawlow-Townes theory (blue), and
FDTD simulations (magenta) for a uniformly pumped, dielec-
tric slab cavity with n = 3, ωa = 42.4, γ⊥ = .5, γ‖ = .02,

θ = 1 × 10−9, and NA = 1010. The rates and frequency are
given in units of c/L, the number of atoms in the cavity is
given in terms of the SALT units of 4πθ2/(~γ⊥), and the out-
put power is given in the SALT units of 4θ2/(~2γ⊥γ‖).

The most important property of laser physics not
captured by semiclassical theories is the intrinsic laser
linewidth due to spontaneous emission from the gain
medium. The magnitude of the signal’s linewidth
depends upon the geometry of the laser cavity as
well as the output power and was first calculated by
Schawlow and Townes to be,

δωST =
~ω0γ

2
c

2P
(1)

where ω0 is the central frequency of the emitted laser
light, γc is the decay rate of the passive cavity reso-
nance corresponding to the laser mode, and P is the
output power. In subsequent decades, improved theo-
retical analyses allowed for the discovery of corrections
to this formula, most of which tended to increase the
linewidth. One correction, the Henry α factor, arises
from the coupling between intensity fluctuations from
spontaneous emission events leading to phase fluctua-
tions. A second correction arises from the incomplete
inversion of the gain medium. The Petermann fac-
tor describes the increase in the linewidth due to the
non-orthogonality of the lasing mode. Finally, the
“bad-cavity” factor leads to a reduction in the laser
linewidth and only deviates from unity when the cav-
ity decay rate is similar to the dephasing rate of the polarization of the gain medium. This correction was originally
attributed to the slowdown of phase diffusion due to atomic memory effects and subsequently an alternative expla-
nation was offered as an increase in the cavity’s group refractive index caused by the frequency dispersion of the
gain medium. Recently however, it has been discovered that the Petermann correction, the bad-cavity factor, and
the passive cavity mode decay rate are intertwined, associated by the motion of and distance between the poles and
zeros of the scattering matrix describing the laser cavity, and can only be disentangled in specific cases.

Presently, the authors here have been involved with a general derivation of the intrinsic linewidth of the laser
that incorporates all of these corrections into a single expression [1]. This formula is based on the temporal coupled
mode theory (TCMT), and predicts the laser linewidth to be,

δωTCMT =
~ω0

2P

ω2
0

∫
−Im[ε]|ψ0|2dV

∫
Im[ε]NA

D |ψ0|2dV∣∣∫ ψ2
0

(
ε+ ω0

2
dε
dω |ω0

)
dV

∣∣2 , (2)

where ε(x) is the total dielectric of the passive cavity and gain medium, there are NA uniformly distributed gain
atoms with inversion D(x), and ψ0(x) is the normalized spatial profile of the semiclassical lasing field inside of the
cavity and can be calculated exactly using the steady-state ab initio laser theory (SALT),

∫
ψ2

0dx = 1. This equation
reduces to the separable corrections discussed above in the appropriate limits, but in general reinforces the notion
that the incomplete inversion, Petermann, and bad-cavity linewidth corrections cannot be considered independent
from each other or the cavity decay rate. In this paper we test the predictions of the TCMT linewidth formula against
the Schawlow-Townes linewidth formula, including the Petermann correction and incomplete inversion factor, by
directly integrating the laser equations using the Finite Difference Time Domain (FDTD) method, including the
quantum fluctuations. We find quantitative agreement between the TCMT predictions and FDTD simulations with
no fitting parameters, as seen in Fig. 1.

[1] A. Pick, A. Cerjan, D. Liu, A. Rodriguez, A. D. Stone, Y. D. Chong, and S. Johnson, in preparation.
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Nonlinear interferometers 
 

Maria Chekhova  
Max-Planck Institute for the Science of Light, G.-Scharowsky Str. 1/ Building 24,  

91058 Erlangen, Germany 
 

 First nonlinear interferometers (NI) appeared at the dawn of nonlinear optics, although they 
might have predecessors during the microwave period. An NI is a combination of two coherently 
pumped nonlinear convertors whose output radiation shows interference. In quantum mechanics terms, 
what interferes is the probability amplitudes of emission from both crystals. The first application of NIs 
must have been to measure the phase of the quadratic susceptibility using second harmonic generation 
[1].  Later, NIs based on parametric down-conversion (PDC) were introduced (Fig.1), often referred to 
as SU(1,1) interferometers [2]. 

 PDC based NIs are widely used in 
experiments with two-photon light. They turn out to 
be very sensitive to dispersive or absorptive 
materials placed between the nonlinear crystals 
(Fig.1) and allow one to retrieve information about 
such materials. In a recent work [3], an NI was used 
for an interesting counter-intuitive type of imaging.      
 If both nonlinear converters produce strongly 
squeezed vacuum (bright squeezed vacuum), which 
can be realized through PDC or four-wave mixing, 
such an NI is extremely sensitive to phase shifts 
introduced between them, up to reaching the 
Heisenberg limit [4].  

 By spatially separating the two nonlinear crystals 
producing bright squeezed vacuum, one can reduce the width of 
the angular spectrum and, consequently, the number of spatial 
modes. Ultimately, spatially single-mode emission can be 
achieved [5]. The reason is that higher-order spatial modes diffract 
faster in the space between the crystals and do not get amplified in 
the second crystal. 
 Similarly, by placing a dispersive material between the two 
crystals, one can tailor the frequency spectrum of the emitted 
radiation. The mechanism is the same: higher-order modes 
undergo stronger dispersion and get suppressed. The result is 
considerable spectral narrowing, gaussification of the spectrum 
and, ultimately, achieving a single frequency mode.  Fig. 2 shows 
preliminary results obtained with 20 cm of SF57 glass placed 
between two BBO crystals producing bright squeezed vacuum.  
 
1. R.K. Chang, J. Ducuing, and N. Bloembergen, PRL 15, 6 (1965). 
2. B. Yurke, S.L. McCall, and J.R. Klauder, PRA 33, 4033 (1986).  
3. G.B. Lemos et al., Nature 512, 409 (2014). 
4. F. Hudelist et al., Nature Comm. 5, 3049 (2014). 
5. A. M. Perez et al., Optics Letters 39, 2403  (2014). 

Figure 1. Nonlinear interferometer based on PDC. 
Radiation from the first nonlinear crystal interferes 
with the one from the second crystal. Important are: 
parametric gain, the phase shift, dispersion or 
absorption in the gap between the crystals.  

Figure 2. Original PDC 
spectrum for two crystals (blue) 
gets considerably narrower if 
dispersive SF57 glass is put 
between them (red).    
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Transforming molecular spectroscopy from in vitro to in vivo for biology and medicine  

Ji-Xin Cheng, Ph.D., Professor  

Weldon School of Biomedical Engineering, Department of Chemistry, Center for Cancer 
Research, Purdue University 

https://engineering.purdue.edu/BME/Research/Labs/Cheng 

Label-free optical imaging using intrinsic molecular spectroscopy signals is opening a new 
window for in vivo visualization of biomolecules in living cells and in human patients. Most 
recent advances in both development and applications of spectroscopic imaging platforms will 
be presented, including microsecond time-scale Raman spectral imaging (Acc Chem Res, 2014, 
47, 2282-2290), extraction of information from the crowded fingerprint bands (Angew Chem Int 
Ed, 2014, 53: 11782; 2013, 52: 13042), centimeter-deep tissue imaging by acoustic detection of 
harmonic molecular vibration (Scientific Reports 2014, 4: 6889; Phys Rev Lett 2011, 106: 
238106), study of altered cholesterol metabolism in cancer by Raman scattering microscopy 
(Cell Metabolism 2014, 19: 393), and label-free, super-resolution imaging of nanomaterials by 
transient absorption microscopy (Nature Nanotechnology 2012, 7: 56-61; Nature Photonics 
2013, 7: 449).  
 
References: 

Pu Wang, Teng Ma, Mikhail N. Slipchenko, Shanshan Liang, Jie Hui, K. Kirk Shung, Sukesh 
Roy, Michael Sturek, Qifa Zhou*, Zhongping Chen* & Ji-Xin Cheng*, High-speed Intravascular 
Photoacoustic Imaging of Lipid-laden Atherosclerotic Plaque Enabled by a 2-kHz Barium Nitrite 
Raman Laser, Scientific Reports, 2014, 4: 6889. 

Ping Wang, Bin Liu, Delong Zhang, Micah Y. Belew, Heidi A. Tissenbaum *, Ji-Xin Cheng*, 
Imaging lipid metabolism in live Caenorhabditis elegans using fingerprint vibrations, 
Angewandte Chemie Int Ed, 2014 October, 53: 11782-92. 

Delong Zhang, Ping Wang, Mikhail N. Slipchenko, Ji-Xin Cheng*, Fast vibrational imaging of 
cells and tissues by stimulated Raman scattering microscopy, Accounts of Chemical Research, 
May 2014, 47, 2282-2290. 

Shuhua Yue, Junjie Li, Seung-Young Lee, Hyeon Jeong Lee, Tian Shao, Bing Song, Liang 
Cheng, Timothy A. Masterson, Xiaoqi Liu, Timothy L. Ratliff, Ji-Xin Cheng*, Cholesteryl ester 
accumulation induced by PTEN loss and PI3K/AKT activation underlies human prostate cancer 
aggressiveness. Cell Metabolism, 2014 March, 18: 393-406. 
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Cavityless lasing actions in tunnel-ionized molecules 
Jinping Yao1, Bin Zeng1, Jielei Ni1, Wei Chu1, Hongqiang Xie1, Guihua Li1, Chenrui Jing1, Huailiang Xu2, and 

Ya Cheng1,* 
1State Key Laboratory of High Field Laser Physics, Shanghai Institute of Optics and Fine Mechanics, CAS, Shanghai 201800, China 

2State Key Laboratory on Integrated Optoelectronics, Jilin University, Changchun 130012, China 
*E-mail: ya.cheng@siom.ac.cn 

Abstract: We report on generation of cavityless lasing actions in tunnel-ionized molecules and explore its 
applications in molecular physics. 

We report on a unique strong field ultrafast phenomenon based on tunnel ionization of molecules in strong laser 
fields. Our finding shows that interaction of molecules with ultrashort intense laser pulses can result in 
instantaneous population inversion in the tunnel-ionized molecular ions, which in turn initiates lasing actions in 
varies kinds of molecules [1-3]. The cavityless lasing actions uniquely cover three time scales, which begins with 
the tunnel ionization of the molecules on the attosecond time scale, followed by the population inversion 
establishment in the molecular ions on the femtosecond time scale, and ends up with the amplification of the seed 
pulses in the aligned molecular ions on the picosecond time scale [4,5]. Particularly, the cavityless air laser 
generated with a pump-probe scheme in Fig. 1(a) can serve as a novel tool for remote characterization and 
reconstruction of the rotational wave packet of molecules in free space [6-8]. Figure 1(b) shows a typical 
spectrum of the 391 nm N2

+ laser generated in the nitrogen gas at a pressure of 4 mbar. It can be seen that the 
information about the distribution of the rotational states has been encoded in the spectrum of air laser. More 
interestingly, the pump-probe scheme allows for real-time observation of the ultrafast dynamics of molecular 
rotational wave packet from a single rotational state, as shown in Fig. 1(c). The fast oscillations in the laser 
signals measured with the pump-probe scheme can be attributed to a quantum beat between two lasing channels 
[7,8]. Our observation demonstrates that the air laser spectroscopy offers ultrahigh temporal and spectral 
resolutions in the study of ultrafast molecular dynamics. 

 
Figure 1 (a) Experimental schematic to generate the air laser with the pump-probe scheme. Inset: The spatial profile of air laser. (b) A 
typical spectrum of the 391 nm N2

+ laser generated in the 4 mbar nitrogen gas. The numbers in the R-branch spectrum indicate the 
rotational quantum numbers of the upper state. (c) The signal intensities of the R-branch lines presented individually as a function of the 
time delay between the pump and probe pulses. Insets show the details in a window of time delay between 5 ps and 10 ps. 

 
Reference 
[1]   J. Yao, B. Zeng, H. Xu, G. Li, W. Chu, J. Ni, H. Zhang, S. L. Chin, Y. Cheng, and Z. Xu, Phys. Rev. A 84, 051802(R) (2011). 
[2]   W. Chu, B. Zeng, J. Yao, H. Xu, J. Ni, G. Li, H. Zhang, F. He, C. Jing, Y. Cheng, and Z. Xu, Europhy. Lett. 97, 64004 (2012). 
[3]   J. Ni, W. Chu, H. Zhang, C. Jing, J. Yao, H. Xu, B. Zeng, G. Li, C. Zhang, S. L. Chin, Y. Cheng, and Z. Xu, Opt. Express 20, 20970 (2012). 
[4]   J. Yao, G. Li, C. Jing, B. Zeng, W. Chu, J. Ni, H. Zhang, H. Xie, C. Zhang, H. Li, H. Xu, S. L. Chin, Y. Cheng, and Z. Xu, New J. Phys. 15, 
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Control of Phased Microcavity Laser Array Coherence 
Kent D. Choquette, Stewart T. M. Fryslie, Matthew T. Johnson1, and Dominic F. Siriani2  

University of Illinois, Urbana, IL   61820 
1United States Air Force and 2MIT Lincoln Laboratories, Lexington, MA 

Phased arrays of microcavity lasers exhibit novel optical properties as well as application as electronic beam 
steering and high brightness sources. The coherence and beam divergence of vertical cavity surface emitting laser 
(VCSEL) arrays are both related to the relative phase between the array elements, which in turn can be controlled by 
bias current. We have recently demonstrated that phased VCSEL arrays rely on a fundamentally different phase-shifting 
mechanism arising from temporal coherence [1]. Here we report the ability to tune virtually any array to coherence by 
insuring spectral overlap between the resonance of each element of the array. 

A 2x1 phased VCSEL array is shown in Fig. 1 [2].  The coherent laterally coupled array is fabricated by combining 
a photonic crystal etched hole pattern with an ion implant-defined laser gain structure. The photonic crystal provides 

stable index guiding for array elements and greater optical loss for higher 
order modes [3]. This structure enables strong coupling between array 
elements and simultaneously enables independent current injection into 
either cavity. 

Shown in Fig. 2 is the spatially resolved emission wavelength from the 
array and the far-field profile as a function of injection current. By 
preferential current injection to one element with respect to the other, we 
change the cavity refractive index for that element through ohmic heating 
and electronic suppression [2], thus varying its natural resonance, as 
confirmed by spatially resolved spectra measurements in Fig. 2(a). In effect, 
by varying the bias we can tune the resonance of each element as well as the 
phase relation and coherence of the array. For the array in Fig. 1, by 

electrically tuning elements 1 and 2, we obtain highly single-mode emission with an “out-of-phase” far-field mode 
throughout the coherent operation regime 2. With sufficient detuning two clearly defined spectral peaks with a single 
broad Gaussian far-field are apparent when Elements 1 and 2 become uncoupled and incoherent. 

Fig. 2: (left) Spatially resolved spectral characteristics of 2x1 photonic crystal array and far-field; (right) wavelength 
versus injection current showing the coherence phase-locked regime. 

Also shown in Fig. 2 is a close up of the wavelength emission in this coherence regime; note that over a 100 µA 
injection current range, the array operates in a phase locked condition. We have found that virtually all similar arrays 
will operate coherently through similar resonance tuning, and that this phase-locked condition can occur at any injection 
current. Exploiting this latter behavior has enabled enhancement of the small signal modulation bandwidth to 37 GHz 
[4].  

References 
[1] M. T. Johnson, D. F. Siriani, M. P. Tan and K. D. Choquette, Appl.  Phys.  Lett., vol. 103, pp. 201115 (2013). 
[2] D. F. Siriani and K. D. Choquette, IEEE J. Quantum Electronics, vol. 47, pp. 160-164 (2011). 
[3] D. F. Siriani, P. O. Leisher and K. D. Choquette, IEEE J. Quantum Electronics, vol. 45, pp. 762-768 (2009). 
[4] S. T. M. Fryslie, M. P. Tan, D. F. Siriani, M. T. Johnson, and K. D. Choquette, IEEE Phot. Tech. Lett. (2015). 

Fig. 1: optical and SEM image of 2x1 
photonic crystal VCSEL array. 
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Emission rate versus error, and the failure of g
(2)

(0) in single-photon generation 

Weng W. Chow
1
, Christopher Gies

2
 and Frank Jahnke

2
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Sandia National Laboratories, Albuquerque, NM 87185–1086, U.S.A. 
2 

Institut für Theoretische Physik, Universität Bremen, 28334 Bremen, Germany 

 

This paper explores placing a quantum dot inside a high-Q cavity to increase single-photon 

emission rate via the Purcell effect.  A concern is that a high-Q cavity may store the photons 

from earlier emission events, thereby causing photon bunching.  We use a semiconductor cavity-

QED model
1
 to demonstrate the extent to which improvement in single-photon emission rate is 

possible, while maintaining the desired suppression of multiphoton emission.  In presenting the 

results, we will argue that the equal-time second-order photon autocorrelation function g
(2)

(0), 

which is widely used to characterize performance of single-photon sources, can give incorrect 

indication of deviation from the single-photon number state.  The talk will also present a 

comparison of single-photon source versus strongly-attenuated laser beam.  For applications such 

as quantum-key distribution, the former is the ideal source, while the latter is the presently often-

used substitute. 
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Controlling surface chemistry with hot electrons and localized electronic transitions 
Matthew J. Kale, Talin Avanesian and Phillip Christopher 

Department of Chemical Engineering 
University of California, Riverside, Bourns Hall B363, Riverside, CA, 92501 

 
A long-standing goal in the field of surface chemistry is demonstrating that UV or visible photon 
excitation of catalytically active metal surfaces can drive selective chemical reactions that cannot 
be achieved by equilibrium thermal excitation. It has been hypothesized that selective deposition 
of photon energy into targeted adsorbate nuclear degrees of freedom could occur through 
ultrafast, non-equilibrium energy exchange processes, although realizations of this concept are 
scarce. In this talk I will discuss recent theoretical and experimental results demonstrating that 
surface chemistry can be targeted and executed selectivity using hot electrons and resonant 
electronic transitions to activate desired adsorbate-metal bonds.  
 

In the first part of the talk I will discuss a recent 
theoretical framework we developed that concurrently 
captures the dynamics of temporally evolving “hot” 
electronic structure in a metal following irradiation by 
photons and non-adiabatic energy transfer to adsorbed 
molecules, Fig 1. Specific focus is placed on 
understanding adsorbate specific physical 
characteristics that describe the probability of photon 
absorption by the metal inducing chemical reactions. 
Simultaneously treatment of electron dynamics 
electrons in the metal and transient scattering of 
electrons through adsorbate affinity states allows us to 
explain previous experimental observations of 
temporal and wavelength dependent adsorbate 
specific behavior. [1]  
 

I will also present recent experimental and theoretical work 
from our group demonstrating that chemistry on metal 
surfaces can be executed through photon stimulated 
localized electronic transitions between hybridized orbitals 
created during bond formation between adsorbates and 
metal surfaces. [2] We observed that using sub 5 nanometer 
metal particles is requisite for increasing the probability of 
exciting these transitions, due to the high surface area to 
volume ratio of small particles. After identifying and 
characterizing electronic transitions localized at Pt-CO 
bonds we demonstrate that targeted, non-adiabatic 
deposition of photon energy into phonon modes 
associated with this bond allows us to control the 
outcome of a selective chemical reaction.  
 
[1] T. Avanesian, P. Christopher, J Phys Chem C, 2014. [2] M. Kale, T. Avanesian, H. Xin, J. 
Yan, P. Christopher, Nano Letters, 2014. 

Figure 1. Schematic of an evolving 
electronic structure in a metal interacting 
with adsorbate affinity levels 

Figure 2. TD-DFT calculated oscillator 
strengths for electronic transitions at O 
and CO/Pt(111) interfaces. 
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Broadband	  Coherent	  Raman	  Imaging	  –	  Future	  and	  Applications	  
	  
Marcus	  T.	  Cicerone,	  Charles	  Camp	  ,	  Young	  J.	  Lee	  
National	  Institute	  of	  Standards	  and	  Technology,	  Gaithersburg,	  MD,	  USA	  
	  
	  
Coherent	  Raman	  imaging	  methods	  have	  been	  under	  development	  for	  almost	  15	  
years.	  The	  field	  is	  beginning	  to	  mature,	  transitioning	  from	  a	  “new	  techniques”	  phase	  
to	  an	  applications	  phase,	  and	  it	  may	  now	  be	  safe	  to	  estimate	  the	  ultimate	  
performance	  of	  these	  methods.	  I	  will	  briefly	  discuss	  current	  and	  potential	  
capabilities	  of	  CRI	  methods	  using	  optimized	  excitation	  paradigms1,	  and	  provide	  a	  
few	  examples	  of	  how	  broadband	  CARS	  (BCARS)	  imaging	  has	  helped	  to	  answer	  (or	  
raise)	  questions	  in	  investigations	  of	  tissues	  (e.g.,.	  cancerous	  tissues)	  and	  in	  small	  
organisms.	  Exemplified	  below,	  we	  have	  recently	  used	  BCARS	  to	  solve	  a	  longstanding	  
quesiton	  in	  adhesion	  of	  marine	  invertibrates	  to	  submurged	  substrates	  2.	  
	  

	  

	  

	  
Left:	  Schematic	  of	  the	  anterior	  section	  of	  a	  barnacle	  cypris	  larva,	  including	  
cementation	  apparatus:	  c.g.,	  cement	  gland;	  m.s.,	  muscular	  sac;	  c.d.,	  cement	  
duct;	  a.d.,	  adhesive	  disc;	  o.,	  oil	  bodies.	  Right:	  CARS	  image	  and	  spectra	  of	  
adhesive	  expressed	  from	  a	  barnacle	  larva,	  showing	  how	  lipid	  and	  protein	  
work	  together	  for	  proper	  function	  of	  the	  adhesive.	  	  
	  
1.	  	  	  Camp,	  J.	  J.,	  Lee,	  Y.	  J.,	  Heddleston,	  J.	  M.,	  Hartshorn,	  C.	  M.,	  et	  al.	  High-‐speed	  coherent	  
Raman	  fingerprint	  imaging	  of	  biological	  tissues.	  Nat	  Photon	  8,	  627-‐634	  (2014).	  
2.	  	  	  Gohad,	  N.	  V.,	  Aldred,	  N.,	  Hartshorn,	  C.	  M.,	  Jong	  Lee,	  Y.,	  et	  al.	  Synergistic	  roles	  for	  
lipids	  and	  proteins	  in	  the	  permanent	  adhesive	  of	  barnacle	  larvae.	  Nat	  Commun	  5,	  	  
(2014).	  
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 Light Trapping Diamond Waveguide for Sensing Applications 
 

Hannah Clevenson, Matthew E. Trusheim, Tim Schröder, Carson Teale, Dirk Englund 

Massachusetts Institute of Technology, Cambridge, MA, 02139 
 

Danielle Braje 
MIT Lincoln Laboratory, Lexington, MA  02420 

 
Solid-state quantum sensors are attracting wide interest because of their exceptional sensitivity at room 
temperature. In particular, the spin properties of individual nitrogen vacancy (NV) color centers in 
diamond make them outstanding nanoscale sensors of magnetic fields [1], electric fields, and temperature 
under ambient conditions. Recent work on ensemble NV-based magnetometers [2], inertial sensors, and 
clocks [3] has employed N unentangled color centers to realize a factor of up to 𝑁 improvement in 
sensitivity. However, to achieve this potential sensitivity enhancement, new techniques are required to 
excite efficiently and to collect fluorescence from large NV ensembles. In particular, the efficient 
excitation of large ensembles has not been realized to date, limiting achievable sensitivities. 

Here, we introduce a light-trapping diamond waveguide (LTDW) geometry that enables both 
exceptional excitation efficiency and high fluorescence collection. The LTDW enables in excess of 5% 
conversion efficiency of pump photons into optically detected magnetic resonance (ODMR) fluorescence, 
a three orders of magnitude improvement over previous single-pass geometries, resulting in enhanced 
continuous-wave ODMR signal. This dramatic enhancement enables precision broadband measurements 
of magnetic field and temperature in an important frequency range inaccessible by dynamical decoupling 
techniques. Over a frequency band from 0.1 Hz to 100 Hz, we demonstrate a less than 30 pT/Hz1/2 
magnetic field noise floor and a thermal noise floor of ~12 μK/Hz1/2 as well as estimate a spin projection 
limit of ~0.36 fT/Hz1/2 and ~139 pK/Hz1/2, respectively. 

 
Figure 1: (a) Continuous-wave electron spin resonance with external magnetic field aligned along a single <111> 
crystal axis (see inset). (b) Lock-in output corresponding to signal in (a) with SNR of 105 after 1 second of 
averaging. Temperature and magnetic field shifts are measured independently by tracking both ms = ±1. Inset: color 
CCD image of the LTDW shows bright fluorescence without any spectral filtering. (c) Energy-level diagram of 
diamond NV center showing radiative (solid lines) and non-radiative (dotted lines) transitions. 
 
[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, J. 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. 
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Propagation of Pulses and Noise

Using Modes in Phase Space1

L. Cohen and J. S. Ben-Benjamin

City University of New York, 695 Park Ave. New York, NY 10065

We use phase space methods originally developed for quantum mechanics
to study pulse and noise propagation in a dispersive medium. We express
the problem in terms of modes and show that each mode is governed by a
Schrödinger type equation. We show how one obtains the modes from the
initial wave. The wave is then explicitly propagated by evolving each mode
according to it’s respective Schrödinger equation. The Schrödinger equation
that each mode satisfies may be governed by a non-Hermitian Hamiltonian
operator, which is the case if there is attenuation. The phase space method
lends itself to new approximation methods.

The methods developed may also be used to propagate noise in a waveg-
uide. When dealing with noise, the phase space distribution that is used is
called the Wigner spectrum, which is the ensemble average of the Wigner
distribution. We also discuss the case when system is evolving under the in-
fluence of space and time dependent sources. In that case a four dimensional
Wigner distribution must be used. The four dimensional Wigner distribution
is that for position and momentum and time and frequency. It is equivalent
to the space-time autocorrelation function and hence our formulation shows
how various correlation functions in space and time evolve.

1Work supported by the Office of Naval Research.
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Plasmon-Enhanced Photocatalysis on TiO2-Passivated III-V Compounds 
  

Jing Qiu, Guangtong Zeng, Prathamesh Pavaskar, Zhen Li, and Stephen B. Cronin 
University  of Southern California, Los Angeles, CA 90089, USA  

 
SUMMARY 

Integrating plasmon resonant nanostructures 

with photocatalytic semiconductors shows great 

promise for highly efficient photocatalytic 

processes1-4. However, the electrochemical 

instability of most III-V semiconductors severely 

limits their applicability in photocatlaysis. In this 

work, we passivate p-type GaP with a thin layer of 

n-type TiO2 using atomic layer deposition. The TiO2 

passivation layer prevents corrosion of the GaP, as 

evidenced by atomic force microscopy and 

photoelectrochemical measurements. In addition, 

the TiO2 passivation layer provides an 

enhancement in photoconversion efficiency through 

the formation of a charge separating pn-region. 

Plasmonic Au nanoparticles deposited on top of the 

TiO2-passivated GaP further increases the 

photoconversion efficiency through local field 

enhancement. These two enhancement 

mechanisms are separated by systematically 

varying the thickness of the TiO2 layer. Because of 

the tradeoff between the quickly decaying 

plasmonic fields and the formation of the pn-charge 

separation region, an optimum performance is 

achieved for a TiO2 thickness of 0.5nm. Finite 

difference time domain (FDTD) simulations of the 

electric field profiles in this photocatalytic 

heterostructure corroborate these results. The 

effects of plasmonic enhancement are distinguished 

from the natural catalytic properties of Au by 

evaluating similar photocatalytic TiO2/GaP 

structures with catalytic, non-plasmonic metals (i.e., 

Pt) instead of Au. This general approach of 

passivating narrower band gap semiconductors 

enables a wider range of materials to be considered 

for plasmon-enhanced photocatalysis for high 

efficiency water splitting.   
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Figure 1: (a) Schematic diagram of sample 
geometry, (b) electric field distribution calculated 
using the finite difference time domain method in 
the perpendicular direction across the 
GaP/TiO2/Au/electrolyte interface, and (c) 
photocurrent plotted as a function of voltage for 
GaP photocatalysts with various thicknesses of 
TiO2 with Au nanoparticles under 532nm 
illumination in a 0.5M Na2SO4 solution.   

 

REFERENCES 
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Microdisk coupled light emission from monolayer materials and their 
thermal limit  

J. C Reed, A. Y. Zhu, and E. Cubukcu 
Department of Material Science and Engineering, 
Department of Electrical and Systems Engineering 

University of Pennsylvania, Philadelphia, PA 
 

Emerging transition metal dichalcogenide (TMDC) materials such as MoS2 

exhibit   a direct electronic bandgap at the monolayer limit. This enables integrated 
photonic light sources with monolayer light emitters. Here, we demonstrate a wavelength 
tunable integrated narrowband light source with a chemically enhanced MoS2 layer 
integrated into a microdisk cavity with a sub-wavelength notch coupler for easy 
excitation and light extraction. We envision that this work will pave the way for 
nanophotonic light sources with atomically thin active media for next generation 
optoelectronic sensors and systems.  
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Optical Multidimensional Coherent Spectroscopy 

Steven T. Cundiff 

JILA, National Institute of Standards and Technology & University of Colorado, Boulder CO, 80309, and 

Department of Physics, University of Michigan, Ann Arbor, MI, 48109 

 

The concept of multidimensional Fourier transform spectroscopy originated in NMR where it enabled 

the determination of molecular structure.  In either NMR or optics, a sample is excited by a series of 

pulses. The key concept is to correlate what happens during multiple time periods between pulses by 

taking a multidimensional Fourier transform. The presence of a correlation, which is manifest as an off-

diagonal peak in the resulting multidimensional spectrum, indicates that the corresponding resonances 

are coupled. Migrating multidimensional Fourier transform spectroscopy to the infrared and visible 

regimes is difficult because of the need to obtain full phase information about the emitted signal and for 

the phase difference between the excitation pulses to be stable and precisely incremented. I will give an 

introduction to optical two-dimensional coherent spectroscopy, using an atomic vapor as simple test 

system, but also show unexpected results due to atomic interactions. I will then present our use of it to 

study optical resonances in semiconductor nanostructures. In quantum wells, our results show that 

many-body effects dominate the light-matter interaction for excitons in semiconductors and provide a 

rigorous and quantitative test of the theory.  In quantum dots, there is inhomogeneous broadening due 

to size dispersion, however two-dimensional coherent spectroscopy can make size-resolved 

measurements without the need to isolate individual quantum dots. 

Ref: S.T. Cundiff and S. Mukamel, “Optical Multidimensional Coherent Spectroscopy,” Physics Today 

66(7), 44 (July 2013). 
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Rydberg Electrons in a Bose-Einstein Condensate

Jia Wang, Marko Gacesa, and Robin Côté

Department of Physics, University of Connecticut, Storrs, CT 06269, USA

Figure 1: (a) Two Rydberg atoms in
a BEC exchange phonons. The Ryd-
berg electrons are represented by the
surface plots inside the spheres, plot-
ted in (b) along with the s-wave po-
tential curve.

Impurities in a Bose-Einstein condensate (BEC) have at-
tracted much attention and motivated the investigation of a
wide range of phenomena e.g., probing the superfluid dynam-
ics or polaron physics in BECs.

In this presentation, we explore Rydberg atoms immersed
in a homogeneous BEC, as sketched in Fig. 1(a). Within the
s-wave approximation, the interaction between the quasi-free
Rydberg electron and a ground state atom at r can be approx-
imated the effective interaction

VR(r) ≈ 2πh̄2As [k (r)]

me
|Ψe(r)|2, (1)

which leads to an attraction for As < 0. The electron density
|Ψe(r)|2 and corresponding oscillatory potential are sketched
in Fig. 1(b) for a Rydberg ns state.

Figure 2: The BEC density distortion for four
values of aB , mapping |Ψe(r)|2.

The interaction of Rydberg electrons with BEC
atoms results in collective excitations (phonons).
Phonon exchange leads to a Yukawa potential

VY
(
r− r′

)
= −Q̃2 e

−|r−r′|/ξ

|r− r′| , (2)

where its range ξ is the BEC healing length, and Q̃
its “effective charge’. Under appropriate conditions,
we find two regimes [1]: for a small ξ, the Yukawa
potential is short-ranged, and distorts the BEC lo-
cally, “mapping” the electron density onto the BEC
density. Fig. 2 shows the BEC density distortion for
different BEC scattering length aB.

For a large ξ, the Yukawa potential is long-ranged
and the electron wave function is “averaged” out.
However, because of the small mass of the electron,
the effective charge Q̃2 ≈ 4πh̄2ā2eρBmB/m

2
e can give

a large enough attractive Yukawa interaction able to bind Rydberg atoms and form a new type
of “ultra-long-range” molecule. We discuss the conditions leading to such bindings, and how such
“synthetic” Coulomb potentials can be generated between neutral particles and their sign can be
modified by using different Rydberg states for the two impurity atoms.

[1] J. Wang, M. Gacesa, and R. Côté, Rydberg Electrons in a Bose-Einstein Condensate,
arXiv:1410.7853.
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Femtosecond nanoplasmonic dephasing of individual silver nanoparticles 
 
Richa Mitta1

1
, Rachel Glenn

1
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, Vadim.V. Lozovoy
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, Marcos Dantus
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1
Department of Chemistry, Michigan State University, East Lansing, MI, USA 48824 

2
Department of Physics and Astronomy, Michigan State University, East Lansing, MI, USA 48824 

 

Nanoplasmonic coherence and dephasing rate 

measurements of localized surface plasmon 

resonances (LSPR) are important for 

biophotonics and nanophotonics. We detect the 

coherence in LSPR emission from individual 

silver nanoparticles via accurately delayed 

femtosecond laser pulses. Time-domain fits of 

the data and Fourier transform analysis of the 

nanoplasmonic coherence oscillations reveals 

different frequency components and dephasing 

rates for each nanoparticle. We find three 

different types of behavior, single exponential 

decay, beating between two frequencies and 

beating among three or more frequencies. Our 

results provide insight into inhomogenous and 

homogenous broadening mechanisms in 

nanoplasmonic spectroscopy that depend on 

morphology and nearby neighbors. 

 

Figure 1 shows results from three different 

individual 50nm Radius silver nanoparticles. 

The data was obtained by detecting the 

heterodyned plasmonic emission resulting from 

interaction with a pair of delayed ~15fs laser 

pulses centered at 800nm. The time-resolved 

data has been analyzed both in the time and 

frequency domain through Fourier 

transformation. Results from a large number of 

nanoparticles shows that each nanoparticle has a 

slightly different emission frequency, different 

dephasing rate and in many cases two or more 

frequency components are observed 

corresponding to long and short axis in 

ellipsoidal nanoparticles. This study shows the 

importance for single nanoparticle spectroscopy 

for analyzing the photophysical properties of 

matter without ensemble averaging. 
 

Figure 1. Femtosecond time-resolved measurements of 

the nanoplasmonic coherence dephasing rate from 

individual localized surface plasmon resonances. The 

experimental data is shown as dots, the red line is a 

theoretical fit based on a Lorentzian line shape and 

single exponential decay function. 
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Coherent Dynamics in Semiconductor Double Quantum Wells using 
Coherent Multi-dimensional Spectroscopy with Spectrally Shaped Pulses 

 

Jonathan Tollerud, Christopher R. Hall, and Jeffrey A. Davis 
Centre for Quantum and Optical Science, Swinburne University of Technology, Hawthorn, VIC 3122, Australia 

 

The application of Coherent Multidimensional spectroscopy (CMDS) has been applied to 
semiconductor quantum wells with great success.  It has been able to identify and separate different 
many-body effects, identify the presence or absence of correlations between two, three and four 
excitons, and in double quantum well samples explore the mechanisms of coherent coupling between 
excitons localized in different wells[1-3].  The ability to separate different signal contributions is key to 
the utility of CMDS understanding.  However, there are often multiple overlapping peaks in the 2D 
spectrum and the noise is determined by the total emission at each wavelength, making weak signals 
difficult to detect. 

To overcome these limitations we have developed pathway selective CMDS (PS-CMDS) in 
which each of the pulses is spectrally tuned to different transitions, and pulse sequences are 
generated to drive specific signal pathways in isolation[3]. In addition to reducing ambiguity in 
interpretation, PS-CMDS and CMDS can be performed sequentially with no changes to the optical 
setup, which allows quantitative comparisons of results from the two complementary experiments (Fig. 
1). This combination results in a dynamic range exceeding 104 in electric field amplitude and makes it 
possible to identify weak signal contributions. Using PS-CMDS we have shown how we can detect 
and isolate coherence signals in double quantum wells where the excitons are well separated and 
localized but close enough that dipole interactions are not negligible[3]. 

In this talk I will present the details of the experimental technique and our work exploring the 
coherent coupling between excitons in double quantum wells.  By applying an additional pump pulse 
we are able to explore in detail the role played by excess carriers (both excitons and free carriers) in 
mediating coupling and increasing the dephasing rate. I will also discuss some of our more recent 
results exploring the coherent interactions between QW excitons and barrier excitons and spatially 
indirect excitons.  
 

  
Figure 1: (a) A 2D spectrum of an asymmetric double quantum well with weak cross-peaks (black circle) 
corresponding to interactions between quantum wells. (b) A pathway selective spectrum isolates the coherence 
signal and reveals coherences (red circle) not resolved in (a). 

 
 
[1] S. T. Cundiff, et al., IEEE J. Quantum Electron. 18, 318 (2012) 
[2] C. R. Hall, J. O. Tollerud, H. M. Quiney, J. A. Davis, New J. Physics 15, 045028 (2013)   
[3] J. O. Tollerud, C. R. Hall, J. A. Davis, Opt. Express 22, 6719-6733 (2014) 
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Demonstration of deterministic photon-photon interactions 
based on a single atom for all-optical, scalable quantum 

networks 
 

Barak Dayan 
 

Weizmann Institute of Science 
 
 
A prevailing paradigm for quantum information processing relies on material 
quantum nodes in which quantum information is generated, processed and stored, 
interconnected by quantum channels [1].  
While there are many prospective candidates for the role of quantum nodes, there is 
little doubt that the interconnecting quantum channels will most likely rely on single 
photons for the task of ‘flying qubits’.  
 
I will present our recent demonstrations of deterministic, all-optical photon-photon 
interactions based on a single atom [2]. Based on a series of theoretical works [3-6], 
this scheme performs deterministic quantum state transfer between a photon and a 
single quantum quantum emitter (a single 87Rb atom, in our case), without any 
additional control fields, and can perform as a quantum memory, and even a 
universal quantum gate.  This demonstrates the feasibility of scalable quantum 
networks based on completely passive photonic devices interconnected and activated 
solely by single photons. 
 
References: 
[1] J. H. Kimble, Nature 436 87 (2005) 
[2] I. Shomroni, S. Rosenblum, Y. Lovsky, O. Bechler, G. Guendelman & B. Dayan, 
Science 345,  903 (2014) 
[3] D. Pinotsi & A. Imamoglu, Phys. Rev. Lett. 100, 093603 (2008) 
[4] G. Lin, X. Zou, X. Lin, and G. Guo, Europhysics Letters 86, 30006 (2009). 
[5] K. Koshino, S. Ishizaka & Y. Nakamura,, Phys. Rev. A 82, 010301(R) (2010) 
[6] S. Rosenblum, A.S. Parkins & B. Dayan, Phys. Rev. A 84, 033854 (2011) 
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Quenching revisited: theory of strong coupling between quantum emitters
and metal nanostructures

A. Delga, J. Feist, J. Bravo-Abad, and F.J. Garcia-Vidal
Condensed Matter Physics Center, Universidad Autónoma de Madrid, Spain

Compared to dielectric cavities, the gain/loss balance which lies at the core of laser physics is shifted
to new levels when using plasmon polaritons. These electromagnetic (EM) modes supported by metal
nanostructures are deeply sub-wavelength, which enables a better coupling to the gain medium but
comes along much higher ohmic losses. As a result, plasmonic nanolasers show potentially very high
operating speeds and low thresholds. However, a sad truth in plasmonic nanolasers design is that the
gain medium closest to the metal surface, supposedly the most coupled to the evanescent plasmons,
is actually blind to the lasing mode. It is indeed quenched: all its energy is drained very efficiently
into higher momentum, non-radiative EM excitations. Quenching is also detrimental in fields such as
Surface-Enhanced Raman Scattering or optical antennas.

Here, we theoretically examine quenching from a quantum point of view, and show that the emer-
gence of light-matter strong coupling can mitigate this issue. Using a macroscopic QED formalism
based on multiple scattering techniques for the Green’s function [1, 2], we consider the two canonical
problems of the metal sphere and plane. In both cases, it is found that because of their quasi-degenerate
nature, the high momentum EM modes do not behave as an efficient Markovian bath, but rather as a
single peudo-mode with a limited decay efficiency.
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FIG. 1. (a) Far-field spontaneous emission spectrum for a regular shell of dyes (see inset of (b)) at different
distances around a silver nanoparticle (NP), illustrating the transition from quenching (broadening) to strong-
coupling (splitting). (b) Inset, spatial-distribution of the light spectrum on the surface of the nanoparticle (NP).
The spots underneath each dye follow the distribution of pseudo-modes with constrained draining efficiency,
allowing for the build-up of a collective interaction with the dipole mode. Main frame: population dynamics
of a single dye near the NP, showing a reversible exchange of energy with the corresponding pseudo-mode,
signature of the strong coupling regime.

[1] A. Delga, J. Feist, J. Bravo-Abad, and F. Garcia-Vidal, Physical review letters 112, 253601 (2014).
[2] A. Delga, J. Feist, J. Bravo-Abad, and F. Garcia-Vidal, Journal of Optics 16, 114018 (2014).
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High-efficiency nanocomposites of dense quantum dots

for high-performance colloidal light-emitting diodes

Hilmi Volkan Demir

LUMINOUS! NTU Singapore and Bilkent University, Turkey
hvdemir@ntu.edu.sg and volkan@bilkent.edu.tr

Nanocomposites of colloidal quantum dots (QDs) integrated into conjugated polymers (CPs) are
the key to hybrid optoelectronics combining advantages of both plastics and particles. Controlling
and mastering the excitonic interactions at nanoscale is crucial for high-performance devices
made of these nanocomposites, including light-emitting diodes.1 However, the exciton transfer
has been limited, typically to 30% at room temperature. Previously, it was believed that strong
nonradiative energy transfer requires exciton diffusion to enable exciton transfer from CPs to QDs
and that the energy transfer is thus strongly temperature dependent, limiting the energy transfer.
Here, we show that nonradiative energy transfer is highly efficient (80%) in the nanocomposites
of dense QDs without requiring the assistance of exciton diffusion, exceeding the room-
temperature efficiency limit. Rational polymer functionalization enabled uniform and high-density
loading of QDs (up to 70 wt%) without separating phase, beyond the critical loading limit (3 wt%)
of phase segregation.2 The dense QD integration substantially reduces the temperature
dependence of nonradiative energy transfer dynamics. The energy transfer model supports the
experimental observation of weakly temperature dependent dynamics. In the light of these new
findings, we design and demonstrate a hybrid colloidal light-emitting diode that exhibits an order
of magnitude enhanced external quantum efficiency enabled by the exciton transfers from CPs to
QDs. The use of strong excitonic interactions in optoelectronic devices can trigger efficiency
breakthroughs in hybrid optoelectronics.

1 B. Guzelturk, P. L. H. Martinez, Q. Zhang, Q. Xiong, H. Sun, X. W. Sun, A. O. Govorov and H. V. Demir, Laser Photonics

Rev., 2014, 8, 73–93.
2 B. Guzelturk, P. L. H. Martinez, V. K. Sharma, Y. Coskun, V. Ibrahimova, D. Tuncel, A. O. Govorov, X. W. Sun, Q. Xiong,
and H. V. Demir, Nanoscale, 2014, 6, 11387.
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Divalent Rydberg atoms in optical lattices as a platform for 
attaining massive entanglement  

Andrei Derevianko, University of Nevada, Reno 
 
Quantum Information Processing (QIP) with neutral atoms has a number of appealing 
advantages: scalability, massive parallelism, long coherence times and reliance on well-
established experimental techniques. Historically most of QIP schemes with neutral atoms 
have focused on alkali-metal atoms (atoms with a single valence electron outside a tightly-
bound atomic core). Yet over the past several years there were new powerful developments 
with cooling and trapping divalent atoms (alkaline-earth and similar atoms), including 
attainment of degenerate quantum gasses and the overwhelming success of a novel class of 
atomic clocks: optical lattice clocks. 
 
While with the alkali-metal atoms there were numerous theoretical proposals for two-qubit 
gate operation, the most successful experimental demonstration of quantum two-qubit logic 
gate with neutral atoms has been carried out using a specific technique: Rydberg blockade. It 
is natural to wonder if the distinct properties of divalent atoms could dramatically improve 
the experimental feasibility. 
 
We study the feasibility of realizing multi-qubit gates using Rydberg states of divalent atoms, 
i.e., we build upon the only experimentally-demonstrated gate in alkalis and exploring 
various ways of how the feasibility can be improved by moving to divalent atoms. We also 
expand on our earlier work on decoherence-free “magic” trapping of atoms in optical traps 
and develop a decoherence-free Rydberg logic and quantum memory insensitive to 
otherwise detrimental trapping fields.  
 
Further we explore the feasibility of creating massively entangled ensembles of clock atoms 
in optical lattice clocks. Beyond foundational interest in the massively entangled ensembles, 
this would lead to reducing integration time in atomic clocks (Heisenberg-limited 
spectroscopy). Such progress will aid in terrestrial searches for transient variation of 
fundamental constants and topological dark matter.  
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Exploring Stimulated Raman Processes in 85Rb using Dual Amplitude Pulses

S. A. DeSavage1, C. L. Adler2, J. P. Davis1, and F. A. Narducci1∗
1 EO Sensors Division, Naval Air Systems Command, Patuxent River, MD. 20670

2 Dept. of Physics, St. Mary’s College of Maryland, St. Mary’s City, Maryland, 20686

We have explored novel pulses to measure the Raman spectrum in cold 85Rb atoms. We now consider the effects
on the Raman spectrum that a non-standard pulse shape has instead of a standard square pulse or Gaussian pulse
[1]. We call this type of pulse a dual amplitude pulse. The pulse typically consists of a π/2 pulse of short temporal
duration with a temporally much longer low amplitude pedestal to create the two amplitude pulse. We find that
such a pulse can have a pronounced effect on the spectrum. When the overall area under the pulse is greater than
π, the spectrum appears to have interferometric oscillations (see Fig. [1(a)]). We find that the oscillations are due
to increased Rabi oscillations and not due to interference. On the other hand, when the pulse area is less than π,
the spectrum consists of a broad Lorentzian lineshape and a narrow lineshape. Under conditions of imbalanced
single photon Rabi frequencies, the broad feature shows an AC Stark shift in the resonance frequency whereas the
narrow feature is much less susceptible to the imbalance. This fact allows us to measure the AC Stark shift in a
single measurement.

FIG. 1: (a) A typical set of data collected of the Stimulated Raman Spectrum on the clock transition using a dual amplitude
pulse with integrated area greater than π (b) A typical set of data collected of the Stimulated Raman Spectrum on the clock
transition using a dual amplitude pulse with integrated area less than π

[1] S. A. DeSavage,The Exploration of Stimulated Raman Processes in 85Rb Using Dual Amplitude Pulses, Master’s Thesis,
University of Maryland Baltimore County, Department of Physics, (2014).

∗Electronic address: francesco.narducci@navy.mil
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Asymptotic decoherence free subspace in strongly-coupled light-harvesting
complexes

Hui Dong and Graham R. Fleming

Department of Chemistry, University of California, Berkeley, California 94720, United States
Physical Biosciences Division, Lawrence Berkeley National Laboratory, Berkeley, California

94720, United States

In recent years, it  has been speculated that quantum coherence may play a significant role in
improving the efficiency of energy and matter transfer processes in biological system, especially
excitonic energy transfer in natural light-harvesting machinery, since the first experiment on FMO
in 2007. Yet the physical origin of long-lived coherence in the warm and wet biological system
remains unclear, despite the experimental calibrations with many biological and synthetic system. 

In  this  talk,  we  present  an  alternative
explanation  with  deoherence  free
subspace.  In  nonlinear  spectroscopy,
laser  pulses  address  system  via  the
exciton, which is a composite degree of
the  individual  pigments.  Although
individual  pigments  are  essentially
dephased  with  local  fluctuations,
coherence  between  composite  degrees
can still survive when two of them share
the  same  composite  fluctuations.  With
this  mechanism,  we  predict  a  bi-
exponential decay [1] of the coherence photon echo signal in the bacterial reaction center (see
Fig.1).  In contract to induction of ensemble dephasing, we show the disorder can result in a slow-
decay  component  in  the  coherence  photon  echo  signal.  Our  microscopic  simulation  of
decoherence  on  simple  dimer  [2]  on  single  molecule  level  also  confirm  the  existence  of
asymptotic decoherence free subspace.

[1] H. Dong, and G.R. Fleming, J. Phys. Chem. B, 118, 8956-8961(2014)
[2]  H. Dong, and G.R. Fleming, in preparation

Fig 1: The decoherence dynamics reflected in two-
color three-pulse coherence photon echo.
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Measuring	  the	  dynamic	  structure	  factor	  of	  a	  long-‐range	  
interacting	  quantum	  gas	  with	  quantum	  optical	  tools	  

	  
R.	  Landig1,	  R.	  Mottl1,	  F.	  Brennecke2,	  T.	  Donner1,	  and	  T.	  Esslinger1	  

	  
1Insitute	  for	  Quantum	  Electronics,	  ETH	  Zurich,	  Switzerland	  
2Physikalisches	  Institut,	  Universiät	  Bonn,	  Germany	  

	  
	  
The	   dynamic	   structure	   factor	   captures	  
essential	  properties	  of	  a	  quantum	  many-‐body	  
system	   like	   the	   energy	   and	   lifetime	   of	  
elementary	  excitations	  as	  well	  as	  the	  amount	  
of	   density	   fluctuations	   and	   correlations.	  
While	   in	   condensed	   matter	   physics	   inelastic	  
neutron	   scattering	   is	   a	   well	   established	  
technique	   to	  measure	   the	  dynamic	   structure	  
factor,	  such	  a	  method	  is	  lacking	  in	  the	  field	  of	  
quantum	  gases.	  

	  
There,	   Bragg	   spectroscopy,	   which	  
relies	  on	  the	  stimulated	  scattering	  of	  
photons	   from	   one	   laser	   field	   to	  
another,	   allows	   to	   measure	   the	  
response	   of	   the	   system.	   This	  
technique	  can	  be	  used	  to	  extract	  the	  
zero-‐temperature	  dynamic	  structure	  
factor,	   but	   is	   insensitive	   to	   the	  
density	   fluctuations	   and	   the	  
behavior	   of	   a	   quantum	   many-‐body	  
system	   at	   finite	   temperature.	   We	  
report	   on	   a	   direct,	   real-‐time	   and	  
non-‐destructive	   measurement	   of	  

the	   dynamic	   structure	   factor	   of	   a	   quantum	   gas	   with	   cavity-‐mediated	   long-‐range	  
interactions.	  The	  technique	  relies	  on	  the	   inelastic	  scattering	  of	  photons,	  stimulated	  by	  
the	   enhanced	   vacuum	   field	   of	   a	   high-‐finesse	   optical	   cavity.	   We	   extract	   the	   density	  
fluctuations,	   their	   energy	   and	   lifetime	  while	   the	   system	  undergoes	   a	   structural	   phase	  
transition.	  We	  observe	   a	   finite	   occupation	  of	   the	   relevant	   quasi-‐particle	  mode	  on	   the	  
level	  of	  a	  single	  excitation.	  

	  

	  
	  

	  

Cavity-‐enhanced	  Bragg	  scattering	  

Power	  spectral	  density	  of	  the	  intra-‐cavity	  light	  field	  as	  
the	  system	  undergoes	  a	  structural	  phase	  transition	  –	  
a	  direct	  measure	  for	  the	  dynamic	  structure	  factor.	  
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    ISOTOPES FOR MEDICAL AND SCIENTIFIC RESEARCH AT THE POINTSMAN FOUNDATION 

KIRK DORIUS 

Separated isotopes are among the rarest 

commodities on earth and their prohibitive costs 

have limited exploration of novel medical-isotope 

therapies and other new applications for these 

isotopes. As a not-for-profit research organization, 

the Pointsman Foundation will use Magnetically 

Activated and Guided Isotope Separation (“MAGIS”) 

technology developed by Dr. Mark Raizen at the 

University of Texas at Austin to make key 

isotopes more available to the global medical 

community for life-saving research, 

diagnostics, and therapies. The foundation will 

also support fundamental scientific research 

with access to previously rare isotopes.  

MAGIS can separate over 130 isotopes of over 

30 elements with a range of applications in 

medicine, research, and energy.  

The US retired its calutrons in the late 1990’s and 

Russia is now the primary source for many 

isotopes. Russian sources are in jeopardy due to 

geo-politics, trade restrictions, and imminent 

shut-down of the aging calutrons. The isotope 

shortage was recognized as a national priority in 

the DOE Nuclear Science Advisory Committee 

report titled "Isotopes for the Nation's Future." 
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The	  Computational	  Complexity	  of	  Passive	  Linear	  Optics	  
	  
Jonathan	  P.	  Dowling	  
	  
Hearne	  Institute	  for	  Theoretical	  Physics	  
Department	  of	  Physics	  &	  Astronomy	  
Louisiana	  State	  University	  
202	  Nicholson	  Hall,	  Tower	  Drive	  
Baton	  Rouge,	  LA	  70803	  
	  
Abstract	  
	  
Aaronson	  and	  Arkhipov	  recently	  used	  computational	  complexity	  theory	  to	  argue	  that	  
classical	  computers	  very	  likely	  cannot	  efficiently	  simulate	  linear,	  multimode,	  quantum-‐
optical	  interferometers	  with	  single	  photon	  inputs.	  Here	  we	  present	  an	  elementary	  
argument	  of	  the	  same	  result	  that	  utilizes	  only	  techniques	  from	  quantum	  optics.	  We	  
explicitly	  construct	  the	  Hilbert	  space	  for	  a	  passive	  linear	  optical	  interferometer	  with	  only	  
Fock-‐state	  inputs	  and	  show	  that	  Hilbert	  space	  dimension	  scales	  exponentially	  with	  all	  the	  
physical	  resources.	  We	  also	  show	  in	  a	  simple	  example	  just	  how	  the	  Schrödinger	  and	  
Heisenberg	  pictures	  of	  quantum	  theory,	  while	  mathematically	  equivalent,	  are	  not	  in	  
general	  computationally	  equivalent.	  We	  conclude	  our	  argument	  by	  comparing	  the	  
symmetry	  requirements	  of	  multiparticle	  bosonic	  to	  fermionic	  interferometers	  and,	  using	  
simple	  physical	  reasoning,	  connect	  the	  nonsimulatability	  of	  the	  bosonic	  device	  to	  the	  
complexity	  of	  computing	  the	  permanent	  of	  a	  large	  matrix.	  Finally	  we	  show	  how	  a	  boson	  
sampling	  interferometer	  may	  be	  used	  in	  the	  context	  of	  quantum	  metrology.	  
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HYBRID QUANTUM DOT/FIBER LASERS AND OPTOPLASMONIC 
AMPLIFIERS 
 
H. Chen, M. R. Gartia, J. Rivera, A. E. Mironov, T. C. Galvin, J. H. Ni, H. J. Yang, 
G. L. Liu, and J. G. Eden 
 
Department of Electrical and Computer Engineering 
University of Illinois, Urbana, IL  61801 
 
  Recent developments in the design and performance of visible optical amplifiers and lasers at 
the nano/micro spatial scale are presented, and emphasis is placed on systems based on quantum 
dots coupled to the WGM modes of a cylindrical or spherical optical resonator. A hybrid 
quantum dot/fiber laser operating in the red (λ= 644 nm) and emitting a near-top hat beam profile 
has been demonstrated. Optically pumped by the second harmonic of Nd:YAG, this laser 
comprises a 227 nm-244 nm thick film of CdS/ZnSe quantum dots deposited onto the exterior 
surface of a coreless silica fiber. Narrowing of the output radiation in both the spectral and 
temporal domains is observed and, although the pumped volume of the gain medium is 4.5 x 10-7 
cm3, this laser produces single pulse energies of 134 nJ which corresponds to a peak power of 37 
W. 

 
Fig. 1. CCD camera images of the laser beam profile: (a) False color map of the beam profile 1 cm from the exit 
fiber face; (b) vertical lineout of the two dimensional map of (a); (c) three dimensional reconstruction of the laser 
intensity map. 
 
  Figure 1 illustrates, in false color, the uniformity of the beam intensity profile, as measured 1 
cm from the exit face of the fiber. Because of the close coupling of the quantum dot emission to 
the WGM and axial modes of the fiber, fluctuations in the laser intensity along the vertical 
coordinate (y) are measured to be only ±6%.  The structure of this laser, as well as its spectral 
and temporal characteristics, will be discussed. 
  An optoplasmonic amplifier, comprising a spherical microresonator, a quantum dot gain 
medium tethered to the resonator surface by a protein (biotin/avidin), and a plasmonic surface, 
will also be described. Injection-seeded by a Raman signal generated internally to the 
microresonator [1], this amplifier is well-suited for biosensing and routing optical power on a 
chip. Preliminary experiments will be described in which optical spectra generated by chains of 
gain medium-coated microsphere resonators have been recorded. 
 
[1]  M. R. Gartia, S. Seo, J. Kim, T. W. Chang, G. Bahl, M. Lu, G. L. Liu and J. G. Eden, Sci, 
Reports  4,  6168 (2014).   
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Coherent Interactions in Electrically Driven Quantum Dot Optical 

Amplifiers Operating at Room Temperature 

Gadi Eisenstein 

Technion, Haifa 32000 Israel 

gad@ee.technion.ac.il 

 

The observation of quantum coherent 

interactions in semiconductor active 

waveguides operating at room temperature 

require using  excitation pulses shorter than 

the coherence time [1] and an ultrafast 

characterization technique. The first such 

observation was reported for an InP based 

quantum dash optical amplifier where a 100 

fs pulse at 1550 nm was used and the 

measurement employed an X-FROG system 

with a resolution of about 1 fs. Clear and 

systematic Rabi oscillations and self-

induced transparency were demonstrated in 

those experiments [2] which were also 

repeated for quantum dot amplifiers. 

The experiments were accompanied by 

comprehensive modeling in which Maxwell 

and Schrödinger equations ware solved 

numerically using a FDTD simulation. 

Several versions of the model have been 

developed; the latest one includes the 

inhomogeneity of the quantum dot media 

and the impact of non-resonant propagation 

effects such as two photon absorption and 

dispersion. 

Further advances have been achieved by 

turning the X-FROG system into a pump 

probe configuration where both pump and 

probe are analyzed by the FROG technique 

[3]. In that system, the pump modifies the 

state of the semiconductor and the probe 

senses the evolution of decoherence of the 

material. 

The temporal separation between pulses can 

be scanned with a 1 fs resolution so intricate 

details of the output phase can be detected. 

Fig. 1 shows an example of a measurement 

and a calculation. 

 
Fig. 1 Pump probe XFROG results 

 

For a nominal pulse separation of 500 fs, we 

scan the delay and for a 2 fs change (a π 

phase shift) the early part of the chirp in the 

second pulse changes shape representing a 

transition from gain to absorption while for 

the pump pulse, the characteristic is 

exclusively that of absorption. The results 

are fully confirmed by the measurements. 

 

References:  

 

[1] M. Bayer, A. Forchel,  PRB 

[2] A. Capua et. al 

http://arxiv.org/abs/1210.6803 

[3] A. Capua et. al. Nature Communication,  

(2014), 5025 
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Boson	sampling	and	the	reliable	quantum	certif cation	for	photonic	quantum	devices
Jens	Eisert,	Dahlem	Center	for	Complex	Quantum	Systems,	Freie	Universität	Berlin,	Germany

Photon	sampling	experiments	involving 	linear	optical	multiports	have	attracted	considerable	
attention	recently,	not	the	least	because	of	the	perspective	of	realising	boson	sampling,	a	task	

thought	 to	 be	 intractable	 on	 a	 classical	
computer.	 In	this	talk,	after	some	introduction	to	
boson	 sampling 	and	 the	 question	 of	 classically	
certifying	 the	 correct	 functioning	 [1],	 we	 will	
turn	 to	 the	 reliable	 quantum	 certif cation	 for	
photonic	 quantum	 devices	 [2].	 We	 start	 by	
carefully	def ning	different	 notions	of	 quantum-
state	 certif cation	 tests.	 Then,	 we	 introduce	 an	
experimentally	 friendly,	 yet	 mathematically	
rigorous,	 certif cation	 test	 for	 experimental	
preparations	of	arbitrary	m-mode	pure	Gaussian	

states	as	well	as	a	class	of	pure	non-Gaussian	states	common	in	linear-optical	experiments,	
including 	those	given	by	a	Gaussian	unitary	acting	on	Fock	basis	states	with	n	bosons.	The	
protocol	 is	 eff cient	 for	 all	 Gaussian	 states	 and	 all	 mentioned	 non-Gaussian	 states	with	
constant	n.	We	follow	 the	formal	mindset	of	an	untrusted	prover,	who	prepares	the	state,	and	
a	 skeptic	 certif er,	 equipped	only	with	classical	 computing 	and	single-mode	measurement	
capabilities.	 No	 assumptions	 are	 made	 on	 the	 type	 of	 quantum	 noise	 or	 experimental	
capabilities	of	 the	prover.	We	build	upon	 an	extremality	 property	 that	 leads	 to	a	practical	
f delity	 lower	 bound,	 interesting 	 in	 its	own	 right.	 Experimentally,	 our	 technique	 relies	on	
single-mode	homodyne	detection.	With	this	method,	the	eff cient	and	reliable	certif cation	of	
large-scale	photonic	networks,	with	a	constant	 number	of	 input	photons,	as	those	used	 for	
photonic	quantum	simulations,	boson	samplers,	and	quantum	metrology	is	within	reach.

[1]	C.	Gogolin,	M.	Kliesch,	L.	Aolita,	J.	Eisert,	arXiv:1306.3995.
[2]	L.	Aolita,	C.	Gogolin,	M.	Kliesch,	J.	Eisert,	arXiv:1407.4817.	
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Figure 2: (a) Experimentally measured single-shot spectra of 100 consecutive pulses. (b) Zoom around a particular explosion event.    
(c) Experimentally measured temporal evolution relative to the average roundtrip time over 100 roundtrips. 

Exploding solitons in passively mode-locked fibre lasers 

Antoine F. J. Runge, Neil G. R. Broderick, and Miro Erkintalo 
 

Dodd-Walls Centre for Photonic and Quantum Technologies, and Physics Department, The University of Auckland, Private Bag 92019, New Zealand 
 

The complex nonlinear dynamics that reign within ultrafast laser cavities can give rise to a wide variety of exotic self-
organization effects [1]. Amongst all such phenomena, soliton explosions display perhaps the most striking dynamics. In 
this regime, a pulse circulates inside the laser cavity for a 
number of roundtrips, but then suddenly undergoes an 
abrupt structural collapse (see Fig. 1). Remarkably, after a few 
roundtrips the field returns back to its original quasi-stable 
form, maintaining its integrity until another collapse occurs. 
This phenomenon has attracted great theoretical interest [2, 
3], but experimental investigations are scarce. Only one 
observation has hitherto been reported, by Cundiff et al., who 
identified explosion signatures in shot-to-shot spectra of 
pulses emitted by a solid-state Ti:Sapphire laser [4].  

Here we report the first experimental observation of 
soliton explosions in a fibre laser. We identify explosion 
signatures by measuring the roundtrip-to-roundtrip spectra of 
pulses emitted by a passively mode-locked, all-normal 
dispersion Yb-doped fibre laser [5]. Typical results are shown in Fig. 2(a), where we show the spectra of 100 consecutive 
pulses emitted by the 2 MHz laser. Seven explosion events can clearly be identified in this recording, each displaying a 
similarly abrupt spectral collapse as highlighted in more detail in Fig. 2(b). In addition to spectral signatures, our 
comparatively long laser cavity also allows us to distinguish explosions directly in the time domain. Specifically, we find 
that whenever an explosion occurs, the pulse exits the cavity approximately 40 ps later than expected based on the 
average repetition rate. Example measurements are shown in Fig. 2(c), where we plot 100 consecutive output pulses in a 
temporal reference frame given by the uniform repetition rate. Each abrupt jump corresponds to a sudden deviation from 
the average roundtrip time.  Similar jumps have been identified in previous theoretical analyses [3] (also Fig. 1), but never 
in experiment. 

We have observed explosions in a wide variety of cavity configurations, as well as in fully realistic numerical 
simulations. This presentation will discuss the pertinent experimental and numerical methodologies, characteristics and 
trends of the observed explosions, and finally their physical generation mechanisms. 

 
 

[1] Ph. Grelu and N. Akhmediev, Nature Photon. 6, 84 (2010). 
[2] J. M. Soto-Crespo, N. Akhmediev, and A. Ankiewicz, Phys. Rev. Lett. 85, 2937 (2000). 
[3] N. Akhmediev, J. M. Soto-Crespo, and G. Town, Phy. Rev. E 63, 056602 (2001). 
[4] S. T. Cundiff, J. M. Soto-Crespo, and N. Akhmediev, Phys. Rev. Lett. 88, 073903 (2002). 
[5] A. F. J. Runge, N. G. R. Broderick, and M. Erkintalo, submitted. 

Figure 1: CQGLE-simulated illustration of soliton explosions. 
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Photon- and Plasmon-Assisted Tunneling through Molecular Conduction Junctions with 
Graphene Electrodes 

 
Boris D. Fainberg  

 
Faculty of Sciences, Holon Institute of Technology, 5810201, Holon, Israel  

and School of Chemistry, Tel-Aviv University, 69978 Tel-Aviv, Israel 
 

The application of graphene-based materials as contacts or as protective interlayers in molecular-scale 
electronics promises several advantages over more conventional materials, including better reproducibility, less 
conductance fluctuations, and exceptional mobility. The emerging field of optically-addressed and –controlled 
molecular electronics may be expected to benefit from several additional attractive properties of graphene, 
including strongly non-linear electromagnetic response, tunable band-gap [1] and surface plasmons 
characterized by spatial confinement and near-field enhancement. Effective procedures for fabrication of 
molecular nanojunctions with graphene contacts have been developed [2]. Theory, however, is necessary in 
order to understand the properties of light-controlled graphene-based molecular electronics, predict their 
behaviors and structure-function relations, guide experiments, assist in the interpretation of observations, and 
develop design guidelines and control approaches. Here develop  a new approach to coherent control of transport 
via molecular junctions, using graphene electrodes. Our approach is based on the excitation of dressed states of 
the doped graphene electrodes (Fig.1) and takes advantage of the unique response of graphene to light. We study 
photon- and plasmon-assisted tunneling via molecular junctions with graphene electrodes, accounting for 
carrier-carrier and carrier-phonon interactions in graphene. Fig.2 show photon assisted current for a molecular 
junction with one graphene electrode and another one - a metal electrode for large momenta (far from the Dirac 
point) [2]. We have calculated the corresponding quasienergy spectrum that is accompanied with opening the 
gap induced by intraband excitations. Our results illustrate the potential of graphene contacts in coherent control 
of photocurrent in molecular electronics, supporting the possibility of single-molecule devices. 
 

 
Fig.1. Molecular bridge (thick horizontal line)               Fig.2. Current in the case of large momenta for n-doped   
between left (L) and right (R) graphene                       (solid) and p-doped (dashed) graphene electrode as a 
electrodes with applied voltage bias.External               function of applied voltage bias. 
electromagnetic field acts on the electrodes. 
 
[1] B. D. Fainberg, Phys. Rev. B, 88 (2013) 245435. 
[2] C. Nef, L. Posa, P. Makk, W. Fu, A. Halbritter, C. Schonenberger, M. Calame, Nanoscale, 6 (2014) 7249. 
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Guiding Light Using Photonic Gauge Potentials 

Shanhui Fan, Qian Lin 
Ginzton Laboratory, Stanford University, Stanford, CA 94305 

 
It has been shown that spatial-temporal modulation of photonic structure can result in a 
gauge potential for photons [1,2]. Here we show that such a gauge potential can be used 
as an alternative light guiding mechanism [3]. The concept is shown in Figure 1, where 
we consider three regions of photonic structures, with the core region subject to a 
constant gauge potential. The wavevectors of the states in the core region is then shifted 
by a value corresponding to the gauge potential. As a result, one can create a waveguide. 
 

 
 
Figure 1. (a) Proposed light guiding structure with gauge field. The core region is subject 
to a constant gauge potential. (b) Constant frequency contour analysis for the waveguide 
structure shown in (a). The constant frequency contour of the core region is shifted in the 
wavevector space. (c) Calculated dispersion relation for the waveguide structure shown in 
(a). The structure exhibits a one-way waveguide mode.  
 
Compared with conventional index guiding mechanism, such a gauge-field waveguide 
has several unusual properties. First of all, one-way waveguiding naturally arises. 
Secondly, since the gauge potential is generated by spatial-temporal modulation, the 
waveguide structure becomes dynamically reconfigurable. While the standard waveguide 
structures typically has its property determined at fabrication, in this proposed waveguide 
structure, the dynamic modulation phase, and hence the gauge potential for photons, can 
be readily changed, allowing temporal reconfiguration of the waveguide structure.  
 
[1] K. Fang, Z. Yu and S. Fan, “Photonic Aharonov-Bohm effect based on dynamic 
modulation”, Physical Review Letters 108, 103901 (2012). 
[2] K. Fang, Z. Yu and S. Fan, “Realizing effective magnetic field for photons by 
controlling the phase of dynamic modulation”, Nature Photonics 6, 782-787 (2012). 
[3] Q. Lin and S. Fan, “Light guiding by effective gauge field for photons”, Physical 
Review X 4, 031031 (2014). 
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Plasmonic Hot Electron Doping of 2D Materials 
Zheyu FANG  

School of Physics, State Key Laboratory for Mesoscopic Physics, Peking 
University, Beijing 100871 (China)  

E-mail: zhyfang@pku.edu.cn 
 
 
Keywords: Plasmonics, Hot electrons, Nanostructure, Graphene, MoS2 

 
Plasmonics deals with the phenomena of collective vibration of electrons in the interface 
between metallic and dielectric media. With the advanced nanofabrication techniques, a 
broad variety of nanostructures can be designed and fabricated for plasmonic 
investigations at nanoscale. In this presentation, we will demonstrate our latest results of 
the design of new plasmonic nanostructures and the characterization of plasmonic hot 
electrons with 2D materials, and discuss some fundamental properties for both localized 
surface plasmons and surface plasmon polaritons arise a new insight and understanding 
for the electro-optical devices, such as active plasmonic modulator and plasmonic 
detectors for energy harvesting.  
 

 
 
Reference: 
1. Y. Kang, et. al. "Plasmonic Hot Electron Induced Structural Phase Transition in 

Monolayer MoS2 ", Adv. Mater., 2014, 26, 6467-6471. 
2. Z. Fang, et. al, "Active tunable absorption enhancement with graphene nanodisk 

arrays ", Nano Lett. 2014, 14: 299. 
3. Z. Fang, et. al, "Gated Tunability and Hybridization of Localized Plasmons in 

Nanostructured Graphene”, ACS Nano, 2013,7: 2388 
4. Z. Fang, et. al,."Plasmon-Induced Doping of Graphene". ACS Nano, 2012, 6:10222. 
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High frequency nano‐optomechanics in highly dissipative and non‐linear regimes 

 

William  Hease1,  Biswarup  Guha1,  Eduardo  Gil‐Santos1,  Christophe  Baker1,  Aristide  Lemaître2,  Giuseppe 
Leo1, Sara Ducci1 and Ivan Favero1 

1 Matériaux et Phénomènes Quantiques laboratory, Université Paris Diderot, CNRS, Paris, France. 
2 Laboratoire Photonique et Nanostructures, CNRS, Marcoussis, France. 
 
Thanks  to  a  large  refractive  index,  semiconductor  based whispering  gallery  resonators  confine  light  in 
sub‐micron  volumes  providing  enhanced  interaction  with  mechanical  motion  [1].  Miniature  vibrating 
disks  made  of  Gallium  Arsenide  exhibit  ultra‐large  optomechanical  coupling,  which  combines  with 
mechanical  frequencies  above  the  GHz  to  provide  state  of  the  art  performances  [2,3].  If  the  quest  for 
quantum  effects  in  these  devices  has  first  motivated  the  control  of  dissipation  [4,5]  in  situations  of 
linearized optomechanics, other regimes may lead novel applications as well.  
 
Here we explore the use of nano‐optomechanical systems in highly dissipative and non‐linear regimes. By 
operating nano‐optomechanical disk resonators in various liquids, we show that cavity‐enhanced optical 
techniques  can  still  resolve  the  minute  mechanical  motion  developing  in  the  most  dissipative 
environments.  This  allows  us  to  investigate  experimentally  the  fluid‐structure  interactions  in 
unconventional  situations.  But  when  a  large  number  of  photons  reside  in  the  resonator,  not  only  the 
optomechanical  interaction  but  other  non‐linear  optical  interactions  as well  start  to  rule  the  dynamics. 
The system reaches non‐linear attractors where the mutual coupling of photons, phonons and electrons 
leads to regular patterns formation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                     Figure: A nano‐optomechanical disk resonator of radius 1 µm and thickness 300 nm,  
                                                           coupled to a nanowaveguide suspended on the chip in the disk’s vicinity. 
 
References: 
 
[1]  L.  Ding,  C.  Baker,  P.  Senellart,  A.  Lemaitre,  S.  Ducci,  G.  Leo,  and  I.  Favero,  "High  frequency  GaAs  nano‐optomechanical  disk 
resonator", Phys. Rev. Lett. 105, 263903 (2010). 
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[3] C. Baker, W. Hease, D. T. Nguyen, A. Andronico, S. Ducci, G. Leo, and I. Favero, “Photoelastic coupling in gallium arsenide 
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[5] D. T. Nguyen, W. Hease, C. Baker, E. Gil‐Santos, P. Senellart, A. Lemaître, S. Ducci, G. Leo and I. Favero, “Improved optomechanical 
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Image technique for atoms interacting with
negative index materials

Fang Wei, Gao-xiang Li
Department of Physics, Huazhong Normal University, Wuhan 430079, P. R. China

Zbigniew Ficek
National Centre for Applied Physics, KACST, P.O. Box 6086, Riyadh 11442, Saudi Arabia

zficek@kacst.edu.sa

The interaction of atoms with the electromagnetic field can be modified by the presence of a dielectric materials [1–3].
The density of states of the EM field can be modified by changing geometric shape or space period structure of mate-
rials. Recently, attention focus on dynamics of atoms in constructed multi-layered slabs dues to interesting properties
of the EM field [4, 5]. In particular, an evanescent mode can be generated by the surface polaritons, so-called surface
plasmons or plasma guided modes [6, 7]. The plasma mode is a form of the EM field which has very high density of
states and can be confined closely to the dielectric-metal interface. We consider a dielectric material composed of two
different negative material slabs, MN (µ-negative) and EN (ε-negative) slabs, as shown in the figure below. Suppose
that two identical atoms are located in the MN slab, distance z0 from the interface between the materials. The mate-
rials have the effect of creating a strong coupling of the atoms to the surface polariton fields, called plasma guided
modes. We show that the coupling also creates a strong collective behavior of the atoms which results in a long living
entanglement between the atoms.

Starting from the Schrodinger equation for the wave function of the
system, we derive explicit analytical formulas for the time evolution
of the probability amplitudes of the atomic states. We find that the
coupling strength of the atoms to the plasma field, proportional to the
one-point Green function, depends on 2z0, the double distance from
the interface, rather than on z0. Similarly, we find that the two-point
Green function describing the coupling between the atoms also de-
pends on 2z0.

We demonstrate that the image technique can be a useful tool for the
explanation of the strong collective behavior of the atoms coupled to
the plasma field [8]. The dependence of the Green functions on 2z0,
double distance from the interface between the materials, reflects the
fact that the interaction of the atoms with the plasma field can be viwed

as the interaction with image atoms located at a distance z0 behind the interface, as illustrated in the figure. From this
point of view the dependence of the two-point Green function on the distance x12 between the atoms and 2z0 can
be understood quite simply. The atoms are separated by a distance x12 which is much larger than the wavelength of
the plasma field. There is no direct interaction between the atoms. However, the atoms can interact with each other
through the coupling to the plasma field. As it is clearly seen from the figure, the radiation field emitted by atom 1 and
reflected from the interface towards atom 2 can be regarded as the radiation from the image of the atom 1 located at a
distance z0 behind the interface.
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Ultrafast quantum state preparation and control in individual 
optically active quantum dots 

 
Alex Bechtold1, Per-Lennart Ardelt1, Dominik Rauch1, Lukas Hanschke1, Manuel Koller1, Kai 

Müller2, Kevin Fischer2 and Jonathan Finley1 
1- Walter Schottky Institut – Semiconductor Quantum Nanostructures TU-München, Am Coulombwall 4, 85748 Garching, 

Germany 2 – E. L. Ginzton Laboratory, Stanford University, Stanford, California 94305, USA 
 
Over recent years the mechanisms that mediate spin relaxation and dephasing in optically active 
quantum dots (QDs) have been elucidated by a variety of beautiful experiments [see e.g. 1,2]. For 
both electrons and holes, hyperfine coupling to the nuclear spin system sets the timescales for 
coherent spin dynamics at low temperatures and magnetic fields. Here, we apply multicolour 
ultrafast pump-probe spectroscopy at zero magnetic fields to probe coherent exciton and electron 
spin dynamics in single dots over timescales ranging from a few picoseconds up to ~100µs [3-6]. 
Results show how the polarization state of the driving field can be faithfully mapped onto either the 
exciton or electron spin, manipulated via geometric phase control and read out either electrically or 
via spin to charge conversion and luminescence recycling. Using spin-storage devices, in which 
optically generated holes can be removed from the dot while electrons remain stored [7], we directly 
monitor the relaxation of a single electron spin in an individual InGaAs QD over microsecond 
timescales. Electron spin relaxation is shown to exhibit two distinct phases, the first arising from a 
fluctuating Overhauser field over ~1.4 ns and a second due primarily to the inhomogeneous Knight 
field of the localized electron that reduces the spin polarization to a non-vanishing fraction of ~1/9 
over ~300 ns [8]. In closely related experiments, resonant fluorescence driven by ~10ps optical 
pulses is used to probe phonon-assisted exciton and biexciton dynamics [9]. We demonstrate how 
phonon mediated dissipation within the 
manifold of dressed excitonic states can be 
used to prepare the neutral exciton with a 
fidelity ≥70%. By comparing the phonon-
assisted preparation with resonant Rabi 
oscillations we show that the phonon-
mediated processes provide much higher 
fidelity preparation for large pulse areas 
(~10 𝜋 ) and is tolerant to pulse area 
variations and detuning. We measure the 
spectral density for exciton coupling to the 
bulk LA-phonon continuum. Similar 
phonon mediated processes are shown to 
facilitate direct biexciton preparation via 
two photon biexciton absorption, with state 
preparation fidelities >80%, close to the 
thermal limit (figure 1a). Our results are in very good quantitative agreement with simulations that 
model the quantum dot-phonon bath interactions with Bloch-Redfield theory (figure 1b).  
 
[1] I.A. Merkulov, et al., Phys. Rev. B 65, 205309 (2002), B. Urbaszek et al, Rev. Mod. Phys. 85, 79, (2013) 
[2] R. J. Warburton. Nature Materials, 12, 483, (2013). 
[3] K. Müller et al. Phys. Rev. Lett. 108, 197402, (2012). K. Müller et al. Phys. Rev. B 85, 241306, (2012). 
[4] Y. Kodriano et al. Phys. Rev. B. 85, 241304(R), (2012)  
[5] K. Müller et al., Scientific Reports, 3, doi:10.1038/srep01906 (2013) 
[6] A. J. Ramsay et al. Phys. Rev. Lett. 104, 017402 (2010). 
[7] D. Heiss, et al., Appl. Phys. Lett. 94, 072108 (2009), V. Jovanov et al. Phys. Rev. B 84, 235321, (2011). 
[8] A. Bechtold et al, arXiv:1410.4316 (2014) 
[9] P. L- Ardelt et al, Phys. Rev. B 90, 241404(R) (2014) 

Figure 1 – (upper panel) X and 2X emission excited via two-photon 
resonance.  Lower panel: measured (left) and simulated (right) 
detuning dependent fluorescence signal as a function of the pulse-
area.  
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New perspectives on semiconductor lasers with delayed feedback:  
dynamics, similarity properties and applications in information processing 

I. Fischer, X. Porte, D. Brunner, M.C. Soriano 
Instituto de Física Interdisciplinar y Sistemas Complejos (IFISC) CSIC-UIB,  
Campus Universitat de les Illes Balears, E-07122 Palma de Mallorca, Spain 

Semiconductor lasers with delayed optical feedback have been studied for more than four 
decades. Much is known about the drastic influence delayed optical feedback has on the optical 
linewidth and the dynamics of the emission of such lasers [1]. Still, semiconductor lasers with 
delayed feedback are continuing to provide interesting new insights into the fundamental 
properties of laser dynamics and to enable novel applications. 

The characterization of the influence of delayed optical feedback usually requires to 
independently determine the dependence on pump current, feedback strength, and delay time. 
Based on spectral measurements identifying the characteristic frequencies and dynamical 
characterization, we show that quantum well and quantum dot lasers exhibit similarity properties 
for long delays [3], i.e., the same time- and amplitude rescaled version of the dynamics can be 
generated when adjusting feedback strength and delay time, see Fig. 1.  

 
 

Fig. 1 left panel) Optical spectra of a QW laser with delayed optical feedback depending on the 
feedback strength. right panel) Maximum of delay signature of intensity auto-correlation versus 
rescaled attenuation for QW (a) and QD (b) laser, illustrating similarity properties. 

This finding has significant consequences, not only by simplifying the characterization of 
delayed feedback-induced dynamics, but also by allowing to tailor the dynamics for applications. 
From a fundamental point of view, this explains the onset of weak and strong chaos in lasers [4]. 
Moreover, the consequences of delayed feedback on microlasers in the quantum limit are of 
significant interest [5]. Tailored dynamical properties of lasers can be harnessed for neuro-
inspired all-optical information processing. Ultra-fast high performance computing could already 
be demonstrated [2]. 
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Following Plasmon-Induced Chemical Reactions with 

Ultrafast Nanoscale Raman Spectroscopies 

Renee R. Frontiera 
Department of Chemistry, University of Minnesota, Minneapolis, MN 55455 

 
     Plasmonic materials offer an exciting opportunity for developing new light harvesting devices and for 
directing the outcome of chemical reactions. Their ability to concentrate light to nanoscale volumes leads 
to the formation of electromagnetic hot spots and hot electron generation, which can alter molecular 
potential energy surfaces, guide energy flow, and enable new photochemical and photophysical processes. 
Currently, a fundamental mechanistic understanding of how photoreactions occur at plasmonic surfaces is 
lacking. There are likely several causes of increased performance or turnover enhancement in plasmonic 
devices, including contributions from increased scattering and/or heating. However it is probable that 
nearby plasmonic excitations may fundamentally modify chemical reaction pathways and potential 
energy surfaces through increased electromagnetic field density and through the ejection of highly 
energetic electrons from the metal. We utilize ultrafast Raman techniques to follow structural dynamics in 
molecules adsorbed to or proximal to plasmonic materials, providing picosecond and femtosecond scale 
information on bond-making and bond-breaking processes. This step-by-step mechanistic information can 
be utilized to optimize the use of bright and dark plasmons for efficient conversion of light into chemical 
energy. 

     This talk will focus on the 
use of time-resolved surface-
enhanced Raman spectroscopies 
to follow chemical reaction 
dynamics of molecular 
plasmonic systems. Both 
femtosecond and picosecond 
Raman spectroscopies, in 
conjunction with a femtosecond 
plasmon excitation pulse, will 
be discussed. These techniques 
are intrinsically sensitive to the 
nanoscale hot-spot region of the 
plasmonic materials. Two 
systems of interest will be 
considered: the plasmonically-
enhanced degradation of an 
organic pollutant, and a 
plasmonically-enhanced charge transfer process. By obtaining time-resolved structural snapshots of 
molecules reacting on the ultrafast timescale of nuclear motion, we are able to determine the impact of the 
plasmon on the reaction mechanism and rate. Our proposed mechanism involves the capture of plasmon-
generated hot electrons by the molecular orbitals, leading to chemical change. We anticipate that our 
fundamental research will lead to exciting developments in the use of plasmonic systems in initiating 
light-driven chemical and physical processes. 

Figure 1. Schematic depiction of a time-resolved surface enhanced 
Raman spectroscopy (SERS) measurement on a tailored plasmonic 
surface. This ultrafast nanoscale technique enables the probing of 
molecular structure as a function of time, thus determining the 
mechanism of plasmonically-enhanced photochemical and 
photophysical processes. 
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Polarization effects in split ring-Josephson junctions based meta-surfaces 
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Abstract: Recent advances in nanofabrication along with development of new materials (metamaterials) 

led to the development of so-called meta-atoms. An example is the superconducting split-rings with 

Josephson junctions placed in the gap (rf-SQUID). A distinctive feature of these atoms is a strong 

interaction with the external magnetic field.  We analyzed interaction 

of the plane electromagnetic wave with two dimensional array of rf-

SQUIDs (meta-surface). The wave vector of the incident field is 

considered to be orthogonal with respect to array of rf-SQUIDs. All rf-

SQUIDs are inclined with respect to the array surface at the same angle 

𝜃 (see Fig. 1.).  

The effective thickness of this ``monolayer of meta-atoms" is much 

smaller than wavelength. However, despite the small thickness we 

demonstrated that the array of rf-SQUIDs provides effective control of 

the wave refraction. In particular, such array changes polarization of 

the reflected wave and this change is determined only by orientation of 

the rf-SQUIDs. This effect is identical to the Kerr's effect in gyrotropic medium. The gyrotropy in this 

case is introduced by rf-SQUIDs.   The polarization of transmitted wave is also changing and depends 

both on the carrier frequency and the inclination angle of rf-SQUIDs. This effect is similar to Faraday’s 

Effect. At the resonance frequency we obtained gigantic Faraday’s effect. The increase of the incident 

field amplitude results in the growth of the current in the ring and subsequently in the nonlinear response 

of rf-SQUIDs. This leads to polarization bistability of the wave scattering.   

Figure 1. shows a schematic view of 
the electromagnetic wave incident on 
the layer containing rf-SQUDs.  
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Microresonator-Based Frequency Combs 
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a.gaeta@cornell.edu 

 

Four-wave mixing (FWM) parametric oscillation in high-Q microresonators is a highly promising approach for 
producing optical frequency combs that can be highly compact and robust.  Such combs have been produced in a 
wide array of material platforms [1–9]. Bandwidths exceeding an octave [10,11], which are critical for applications 
in spectroscopy, precision frequency metrology, and optical clocks, have been achieved (see Fig. 1).  Alternatively, 
such combs can be used as a chip-scale, multiple-wavelength source for wavelength-division multiplexing (WDM) 
systems [12–14].  There has been tremendous progress in modeling [15-18] and understanding [19] the nonlinear 
dynamics associated with such combs including modelocking [20,21] and synchronization [22]. 

 
Fig. 1. Measured frequency comb spectra generated in a silicon-nitride microresonator with a cross section of 690×1900 
nm.  
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Optical	  microresonator	  based	  frequency	  combs:	  	  
From	  Soliton	  Induced	  Cherenkov	  Radiation	  to	  Counting	  the	  Cycles	  of	  Light	  

	  
M.	  Geiselmann1, V.	  Brasch1,	  T.	  Herr1,2,	  J.	  D.	  Jost1,	  C.	  Lecaplain1,	  G.	  Lihachev3,4,	  M.H.P.	  Pfeiffer1,	  M.L.	  
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4Russian	  Quantum	  Center,	  Skolkovo	  143025,	  Russia	  
	  
Optical	   frequency	   combs	   provide	   a	   series	   of	   equidistant	   laser	   lines	   and	   have	   revolutionized	   the	   field	   of	  
frequency	  metrology	  within	   the	   last	   decade.	   Discovered	   in	   2007,	  microresonator	   (Kerr)	   frequency	   combs	  
have	   emerged	   as	   an	   alternative	   and	   widely	   investigated	   method	   to	   synthesize	   optical	   frequency	   combs	  
offering	   compact	   form	   factor,	   chipscale	   integration,	   multi-‐gigahertz	   repetition	   rates,	   broad	   spectral	  
bandwidth	   and	   high	   power	   per	   frequency	   comb	   line.	   Since	   their	   discovery	   there	   has	   been	   substantial	  
progress	   in	   fundamental	   understanding,	   theoretical	   modeling,	   on-‐chip	   planar	   integration	   and	   resulting	  
applications.	   However	   a	   major	   challenge	   was	   to	  
generate	   optical	   frequency	   combs	   with	  
simultaneously	   broad	   spectral	   bandwidth	   and	  
coherence,	   which	   is	   required	   amongst	   other	  
applications	  for	  f-‐2f	  or	  2f-‐3f	  self-‐referencing.	  	  
	  
First	   we	   demonstrate	   for	   the	   first	   time	   a	   self-‐
referenced	  microresonator	   frequency	   comb,	  which	  
enables	   counting	   the	   cycles	   of	   light	   [1].	   This	   is	  
accomplished	  by	  phase	  coherently	  linking	  a	  190	  THz	  
optical	   carrier	   directly	   to	   a	   14	   GHz	   microwave	  
frequency	   using	   an	   external	   broadened	   temporal	  
dissipative	   single	   soliton	   state	   in	   an	   ultra	   high	   Q	  
crystalline	  MgF2	  microresonator	  (Fig.	  1).	  	  
	  

Second	  we	  show	  for	  the	  first	  time,	  soliton	  induced	  Cherenkov	  radiation	  in	  an	  optical	  microresonator	  [2].	  By	  
continuous	   wave	   pumping	   of	   a	  
dispersion	   engineered,	   planar	   silicon	  
nitride	   (SiN)	   microresonator,	  
continuously	   circulating,	   sub-‐30fs	  
short	  temporal	  dissipative	  solitons	  are	  
generated	   and	   constitute	   a	   coherent	  
optical	  frequency	  comb	  in	  the	  spectral	  
domain	   (Fig.	   2).	   Emission	   of	   soliton	  
induced	   Cherenkov	   radiation	   caused	  
by	   higher	   order	   dispersion	   broadens	  
the	   spectral	   bandwidth	   to	   2/3	   of	   an	  
octave,	   in	   excellent	   agreement	   with	  
recent	  theoretical	  predictions	  and	  the	  

broadest	  coherent	  microresonator	  frequency	  comb	  generated	  to	  date.	  	  

[1]	  J.	  D.	  Jost,	  T.	  Herr,	  C.	  Lecaplain,	  V.	  Brasch,	  M.	  Pfeiffer,	  T.	  J.	  Kippenberg,	  arXiv:1411.1354	  (2014)	  
[2]	  V.	  Brasch,	  T.	  Herr,	  M.	  Geiselmann,	  G.	  Lihachev,	  M.	  Pfeiffer,	  M.L.	  Gorodetsky,	  T.	  J.	  Kippenberg,	  arXiv:1410.8598	  (2014)	  

Figure	  2:	  Soliton	  formation	  and	  soliton	  induced	  Cherenkov	  radiation	  in	  a	  
SiN	   microresonator	   that	   results	   in	   a	   coherent	   comb	   with	   spectral	  
bandwidth	  of	  2/3	  of	  an	  octave.	  (inset:	  SiN	  microresonator)	  

Figure	   1:	   Repetition	   rate	   and	   carrier	   envelope	   frequency	  
signals	   of	   the	   self-‐referenced	   MgF2	  microresonator	   comb.	  
(inset	  inb:	  MgF2	  	  microresonator)	  
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Quantum state as  a thermodynamic resource 

D. Gelbwaser-Klimovsky, G. Kurizki 

We explore the dependence of the performance bounds of heat engines and refrigerators on the initial 
quantum state and  the subsequent evolution of their  piston, modeled by a quantized harmonic 
oscillator.   Our goal is to provide a fully quantized treatment of self-contained (autonomous) heat 
machines, as opposed to their prevailing semiclassical description that consists of a quantum system 
alternately coupled to a hot or a cold  heat bath, and parametrically driven by a classical time-
dependent piston or field. 

The fully quantized treatment we put forward allows us to investigate work extraction and refrigeration 
Our main insight is that  quantum states are thermodynamic resources  and can provide a powerful 
handle, or control, on the  efficiency of the heat machine. We analyze the thermodynamic resources 
contained in different quantum states in terms of work storage capacity and cooling efficiency.  The 
piston may be realized by a  vibrational mode  of an optomechanical setups. 
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Extreme localization of light in optical systems 
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The emergence of high amplitude events that occur with low probability but that can have dramatic impact has been 
observed in many physical systems. Perhaps the most celebrated example of extreme events are the oceanic rogue 
waves that appear unexpectedly with great destructive power. The recent of observation of extreme light localization 
in Optics on the other hand has attracted significant attention with the possibility, for the first time, to study extreme-
value phenomena dynamics in real time. A wide range of subsequent studies have then shown how extreme 
localization can manifest in different optical systems ranging from the nonlinear growth of a weak perturbation on a 
plane wave background to the propagation of light in fibers with random structures or the generation of short pulses 
in laser cavities [1].  

A common feature to many (although not all) of these systems is the presence of a nonlinear component in 
the overall response. In this context, the nonlinear Schrodinger equation (NLSE) which describes nonlinear waves 
localization dynamics in weakly dispersive media plays a particular role and indeed it has been extensively studied in 
various contexts in nonlinear science [2,3]. A particular class of solutions of the NLSE that displays extreme light 
localization characteristics are the solitons on finite background (see Fig. 1 for an illustration) which have been 
proposed as a possible mechanism underlying the formation of extreme amplitude waves on the surface of the ocean 
[4,5]. The recent experimental demonstration of this type of highly localized structures in an optical context has 
opened up new perspectives to study analogies with areas of physics, allowing the use of a convenient optical testbed 
with which to study a wide range of different physical processes. Here, we review the recent progress on extreme 
light localization with particular emphasis on optical fiber systems, showing how experiments and modelling of 
localization dynamics are constantly providing new insights into how noise drives the dynamics of nonlinear optical 
systems.  

 
 
Fig. 1 Solitons on finite background solutions to the NLS. a) Akhmediev breather with transverse periodicity and longitudinal 
localization, b) Kuznetsov-Ma soliton with longitudinal periodicity and transverse localization, b) Peregrine soliton with both 
transverse and longitudinal localization, d) higher-order solution resulting from the collision of two Akhmediev breathers.   
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Classifying Topological Phases in Photonic Crystals 
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The study of novel topological 

phases of matter has become one of the 
most active areas in condensed matter 
physics. In a very general sense, these 
phases are interesting because they 
cannot be described by any local order 
parameter in the Ginzburg-Landau-
Wilson spontaneous symmetry-breaking 
paradigm. Therefore, when the word 
“topological” is invoked to describe a 
system, it implies the presence of a 
global property. In other words, a 
topological property is one that is 
contributed to by all of the electrons in 
the system and it is this property that distinguishes this special phase. In particular, insulating 
phases of matter are considered to be distinct if they cannot be connected by continuous changes 

of the Hamiltonian that preserve 
both the energy gap and the 
symmetries of the phase. It is in 
this sense that one can state that 
the symmetry protects the phase. 
From an experimental point of 
view, these distinct phases have 
dramatically different properties 
and of particular interest are the 
presence of symmetry protected 
boundary modes through which a 
distinction between topological 
and trivial phases may be drawn.  

Until recently, all experimentally realized topological phases of matter have been in materials 
with strong spin-orbit interaction. Yet photonic materials are well known to have negligible spin 
interactions that are negligibly weak. Bereft of spin, the remaining symmetries belong to the 
space groups and amongst these the point groups represent the sets of transformations that 
preserve a spatial point. In this talk, we will explore the 32 different crystallographic point 
groups, some of which are shown in Fig. 1, to theoretically demonstrate the existence of 
topological surface states supported by the underlying point groups alone [1]. We also extend 
this discussion to include some of the experimentally accessible phases, like those shown in Fig. 
2, present in these spinless photonic crystals. 

 

[1] A. Alexandradinata, C. Fang, M. J. Gilbert and B. A. Bernevig, Physical Review Letters 113, 116403 (2014). 

Figure 1: The 3D Brillouin zone for crystal structures containing (a) C3v (b) 
C4v and (c) C6v symmetry. Within each of the Brillouin zones, high 
symmetry lines are projected onto the 2D surface that is shown above. In 
each figure above, we define a topological number with each of the colored 
lines that connect two distinct invariant points. 

Figure 2: The (a) top-down view and (b) side view of a photonic crystal with C4v 
crystal symmetry. The symbols denote regions of either positive or negative Berry 
charge within the Brillouin zone. (c) As we move in-between these two regions, we find 
the band touching points have linear dispersion characteristic of a Weyl semimetal 
phase. 

Speaker: Matthew Gilbert
Session: Nano structures and photonics
Schedule: Thursday afternoon invited session

PQE-2015 139



Statistical properties of random lasers:
Toward an ab initio and analytic theory

A. Goetschy,1 A. Cerjan,2 and A. D. Stone2

1Insitut Langevin, ESPCI ParisTech, CNRS, Paris, France
2Department of Applied Physics, Yale University, New Haven, Connecticut 06520, USA

Scatterers (sub-λ) 

Uniform Pump (cw) 

Fig. 1. Spatial distribution of the intensity of a
lasing mode in the di↵usive regime.

The basic idea of a random laser was already
discussed in the 1960s by Letokhov: an intense
emission is produced when the gain experi-
enced by the scattered light overcomes losses
due to absorption and leakage at the bound-
ary of the sample. Although a large number
of theoretical models have been proposed in
the last decade to understand quantitatively
this phenomenon, a microscopic and statisti-
cal theory, able to make explicit connections
with experiments, is still missing. Such a the-
ory will be discussed in this talk.

The main challenge in the description of random lasers is to provide a framework expressed
in terms of mesoscopic parameters (e.g., the transport mean free path), that would preserve
at the same time the wave nature of light, responsible for lasing modes (see Fig. 1 and
Fig. 2). Here we solve Maxwell-Bloch equations describing light-matter interaction in two
steps. In the spirit of the SALT approach [1, 2], we first solve the non-linear dynamics in the
basis of a well-defined e↵ective non-Hermitian Hamiltonian that diagonalizes the problem
below threshold. Second, we develop a statistical theory for the eigenvalues and eigenstates
of this Hamiltonian, supported by extensive numerical simulations.

In the di↵usive regime, where modes extend over the whole system and interact strongly,
we obtain analytic expressions for the laser mode intensities as well as the number of lasing
modes, in terms of parameters directly accessible in an experiment (mean free path, system
size, pump power, gain width). In particular, we show that strong modal interactions can
lead to a gain clamping transition, with a maximal number of modes that depends only and
nontrivially on the Thouless number of the disordered open medium.
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Fig. 2. Frequencies (a) and intensities (b) of five modes of a random laser. Numerical simulations were
performed with the SALT algorithm [2].
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Hot Plasmonic Electrons, Plasmonic Photochemistry and Heat Generation   
in Hybrid Nanostructures  
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We investigate the effects of generation of heat and hot plasmonic carriers in metal 
nanostructures.  The problem of heat release from optically-excited plasmonic nanocrystals is 
treated classically [1,2] whereas the hot electron problem is calculated using the quantum 
mechanical approach based on the equation of motion for the density matrix [3-5]. 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 
smaller sizes (less than 20nm), the energy distribution of hot carriers becomes flat and has a 
large number of carriers with high energy [3-5]. 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 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 [3-5].  Other important 
properties and limitations: (1) Intra-band transitions are preferable for generation of energetic 
electrons and dominate the absorption for relatively long wavelengths (approximately >600 nm), 
(2) inter-band transitions efficiently generate energetic holes in the d-band of gold and (3) the 
carrier-generation and absorption spectra can be significantly different [3-5].  The d-band hole 
generation can be used for efficient plasmonic photochemistry [6].  The results obtained in this 
study can be used to design a variety of plasmonic nanodevices based on hot electron injection 
for photo-catalysis, light-harvesting, and solar cells. 
 
[1] A. Govorov and H.H. Richardson, NanoToday 2, 20 (2007).  
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[4] H. Zhang and A. O. Govorov,  J. Phys. Chem. C 118, 7606 (2014).   
[5] A.O. Govorov, H. Zhang, V. Demi, and Y. K. Gun’ko, NanoToday, 9, 85 (2014) [Editors' 
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[6] L. Weng, H. Zhang, A. O. Govorov, and M. Ouyang, Nature Communications 5, 4792 
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We propagate the quantum mechanical density matrix, including dephasing, spontaneous 
emission and dissipation [1],  to study systems composed of two and three quantum dots 
(Q-dots) in proximity to a plasmonic system when exposed to an optical pulse (Figure 1).  
The plasmonic system could be a single metal nanoparticle or an array of metal 
nanoparticles and serves to enhance the local electric fields that arise due to the pulse.  

We have previously studied a single Q-dot 
interacting with a plasmonic system and 
demonstrated how Fano resonances in transient 
optical response can be reshaped with ultrafast 
laser pulses [1]. Here we show that it is possible 
to induce entanglement in systems with two or 
more  Q-dots by starting from the ground state 
and using  pulsed laser excitation.  Significant 
bipartite (two Q-dot case) and multiple bipartite 
entanglements (three Q-dot case), as measured by 
concurrence [2], are found.  These results 

represent positive indicators for the eventual use of such systems in quantum information 
applications. 
 
[1] R. A. Shah et al., Phys. Rev. B 88, 075411 (2013). 
[2] W. K. Wootters,  Phys. Rev. Lett. 80, 2245 (1998). 
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Figure	  1.	  	  Schematic	  diagram	  of	  three	  
metal	   nanoparticles	   (gold)	   and	   two	  Q-‐
dots	   (red).	   	   Typical	   particle	   diameters	  
would	  be	  30	  nm	  and	  4	  nm	  for	  the	  metal	  
nanoparticles	  and	  Q-‐dots,	  respectively.	  
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Immanants and partial distinguishability

Hubert de Guise1
1Department of Physics, Lakehead University, Thunder Bay, Ontario P7B 5E1, Canada

When m coincident photons exit an n-
channel interferometer, the coincidence rate
is proportional to the modulus square of the
permanant of an m × m submatrix of the
scattering matrix describing the interferom-
eter. When the photons are not coincident,
one can use more general immanants, which
are amongst the n! possible matrix functions
defined using permutations of columns and
rows of a n× n matrix.

One finds general immanants lying, on the
scale of computational complexity, between
the permanant and the well-known determi-
nant. There is a sliding scale in the complex-
ity of immanants, but some are known to be
in the same complexity class as permanants.
The number of these complex immanants in-
creases polynomially with the dimension of
the matrix.

In this presentation we explore the connec-

tion between general immanants and partial
distinghuishability of photons in an interfer-
ometer.

Using simple tools from the permutation
group, we show how one can always write the
coincidence rate as a sum of modulus squares
of immanants; which immanants occur is en-
tirely determined by the partial distinguisha-
bility properties of the input state [1]. We
show how partial indistinguishability implies
coincidence rate involving a hierarchy of im-
manants, and how such immanants are ex-
pected to occur in realistic boson-sampling-
type devices [2].

[1] H. de Guise, S.-H. Tan, I. P. Poulin and
B. C. Sanders, Phys. Rev. A 89 063819
(2014)
[2] M. Tillmann et al., arXiv: 1403.3433v2

FIG. 1: Three-photon coincidence rate landscape for a 3-channel passive optical interferometer. The landscape
features are associated with partial distinguishability and expressed in terms of sums of modulus squares of immanants.
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Novel Aspects of Plasmonic Nanolasers:  
Size, Lasing Threshold, and Emission Bandwidth 

 
Shangjr Gwo 

Department of Physics, National Tsing-Hua University, Hsinchu 30013, Taiwan 
 

Scaling down semiconductor lasers in all three dimensions holds the key to the development of 
compact, low-threshold, and ultrafast coherent light sources. However, the minimum size of 
conventional semiconductor lasers utilizing dielectric cavity resonators is limited by the diffraction 
limit. Recently, it has been proposed and experimentally demonstrated that the use of plasmonic 
cavities based on metal–oxide–semiconductor nanostructures can break this limit. But it remains to be 
seen whether one can indeed overcome the high losses in a 3D-confined, deep-subwavelength 
plasmonic cavity with the currently available metals and semiconductor gain materials. In this talk, I 
will report on the realization of ultralow-loss plasmonic nanolasers. In particular, by using shape- and 
composition-controlled indium gallium nitride/gallium nitride (InxGa1−xN/GaN) core–shell nanorods as 
the nanolaser gain media in the full visible spectrum, we are able to demonstrate all-color nanolasers 
that can be operated with ultra-low continuous-wave lasing thresholds and single lasing modes. 
Moreover, all-color lasing in these sub-diffraction plasmonic cavities is achieved via a novel 
mechanism based on a property of weak size dependence inherent in plasmonic nanolasers. 
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Polaritons in Nuclear Optical Lattices

J. Haber1, H.-C. Wille1, K.S. Schulze2,3, K. Schlage1, I. Uschmann2,3, R. Rüffer4, R. Röhlsberger1

1Deutsches Elektronen-Synchrotron DESY, Notkestraße 85, 22607 Hamburg, Germany
2 Institut für Optik und Quantenelektronik, Friedrich-Schiller-Universität Jena, Max-Wien-Platz 1,

07743 Jena, Germany
3Helmholtz-Institut Jena, Fröbelstieg 3, 07743 Jena, Germany

4European Synchrotron Radiation Facility, B.P. 220, 38043 Grenoble Cedex, France

Optical lattices usually consist of ultracold atoms confined in the optical potential in the spatially

periodic potential of a laser beam in one or more dimensions [1]. In the course of the last years, they

have attracted a great deal of attention in the field of quantum optics, for example for their ability to

produce photonic band gaps [2]. We here present a similar effect in the x-ray range with 57Fe replacing

ultracold atoms as the resonant system. We have fabricated a nuclear optical lattice by sputtering

Figure 1: Left panel: real part of the dispersion relation. Wavevector kz is encoded in the colormap.
Central panel: imaginary part of the dispersion relation. Wavevector is encoded logarithmically in the
colormap. Right panel: Sketch of the sample consisting of 30 bilayers of 57Fe and 56Fe .

alternating layers of nuclear resonant 57Fe and non-resonant 56Fe and have measured the spectrum of

the reflectivity via nuclear resonant reflectometry. The multilayer has no variation in the background

refractive index, but the polaritonic interaction of x-ray radiation and the 57Fe- nuclei leads to a

variation of the index of refraction at the 14.41 keV resonance of 57Fe. We calculate the dispersion

relation of the system by means of a transfer matrix formalism derived by the dynamical theory of

nuclear resonant scattering. While this method is ideally suited to predict the results of reflectivity

measurements quantitatively, it has only limited use in interpreting the physical effects at play. In

order to ameliorate this issue, we explain the experiment qualitatively in terms of the normal mode

splitting of the nuclear polariton dispersion relation. We thus demonstrate that our data shows the

onset of the splitting of the polaritonic modes due to strong interaction of a driving electromagnetic

field with an ensemble of nuclei.

[1] I.H. Deutsch et al., Photonic band gaps in optical lattices. Phys. Rev. A 52, 1394 (1995)

[2] A. Schilke et al., Photonic band gaps in one-dimensionally ordered cold atomic vapors. Phys. Rev.

Lett. 106, 223903 (2011).
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Topologically Robust Transport of Photons in a Synthetic Gauge Field

S. Mittal1,2, J. Fan1, S. Faez3, A. Migdall1, J. M. Taylor1, and M. Hafezi1,2

1Joint Quantum Institute, NIST/University of Maryland, College Park MD 20742, USA
2ECE Department and Institute for Research in Electronics and Applied Physics,

University of Maryland, College Park, MD 20742, USA
3Huygens-Kamerlingh Onnes Laboratorium, Universiteit Leiden,

Postbus 9504, 2300 RA Leiden, The Netherlands
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Topological features — global properties which
are not discernible locally — emerge in variety of
physical systems. Deeper understanding of the role
of topology in physics has led to a new class of mat-
ter: topologically-ordered systems. The best known
examples are quantum Hall effects, where insensitiv-
ity to local properties manifests itself as conductance
through edge states that is insensitive to defects and
disorder. Here, we demonstrate how similar physics
can be observed for photons; specifically, how var-
ious quantum Hall Hamiltonians can be simulated
with linear optical elements. We report on the ob-
servation of topological photonic edge states using
the silicon-on-insulator technology 1. Using direct
imaging and transmission analysis, we show that the
edge states are robust against certain disorders 2.

According to quantum Hall physics, such a sys-
tem has topological edge states that can be excited
at certain frequencies. Fig. (a) shows light propa-
gation along the long edge. Light was launched in
a specific frequency band, corresponding to the long edge excitation. Owing to the
topological robustness of the system, in the long edge band the light takes two sharp
corners and leaves the system at the output port, without being scattered into the
bulk. We observe a good agreement between simulation (Fig.(a)) and experimental
(Fig.(b)) data. Fig. (c) shows measured transmission and delay spectra for eight
different 15x15 lattice size devices. The spectra are significantly different from each
other, because of intrinsic fabrication variations in waveguide dimensions. However,
we observe that variance across devices is suppressed, in both transmission and delay
spectra in the edge state bands, highlighted as red and green bands. However, in
the bulk band, the spectrum significantly changes from one device to another device.
Such suppression of noise in edge state bands is due to topological protection of the
edge states against disorders. Such a platform opens a new avenue to investigation
of transport physics with synthetic gauge fields and development of robust optical
devices with built-in protection.

1M. Hafezi, S. Mittal, J. Fan, A. Migdall, J. Taylor, Nature Photonics 7, 1001(2013).
2S. Mittal, J. Fan, A. Migdall, J. Taylor, M. Hafezi, Phys. Rev. Lett. 113, 087403 (2014).
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PLASMON AND HOT-ELECTRON INTERACTIONS WITH PHASE-CHANGING VO2
1 

RICHARD F. HAGLUND, JR. 

Department of Physics and Astronomy, Vanderbilt University, Nashville, TN  37235-1807 

One of the proposed routes to developing active plasmonic materials envisions hybrid structures 
incorporating phase-changing materials.  We have studied such hybrid nanomaterials for nearly a 
decade, focusing on plasmonic interactions with a strongly correlated material, vanadium dioxide 
(VO2).  Vanadium dioxide undergoes both an insulator-to-metal transition (IMT) and a structural 
phase transition (SPT, from monoclinic semiconductor, bandgap of 0.7 eV, to rutile metal) that 
can be initiated thermally or optically.  By monitoring the plasmonic response of gold nanodisks 
to the insulator-to-metal transition (IMT) in VO2, we have shown that the IMT is spectroscopi-
cally correlated with the 1.4 eV interband transition in VO2.2  That transition, in turn, affects the 
ratio of populations in vanadium dπ and d|| states that controls the ultrafast dynamics of the IMT.   

Here we describe ultrafast carrier dynamics in 
VO2 nanoparticles covered by a sparse mesh of 
gold nanoparticles with diameters of order 
20 nm when excited by femtosecond laser puls-
es at 800 nm (1.5 eV) and probed at 3550 nm.  
The nanomaterial is prepared by laser ablation 
of vanadium metal in an oxygen ambient to 
form nanometer-scale islands of VO2.  Gold na-
noparticles form on the VO2 nano-islands at 
~50% coverage when gold is evaporated onto 
the nanoislands at a low, non-wetting coverage.   

At threshold fluences of order 1-2 mJ/cm2, bare 
VO2 nanoparticles exhibit a transient optical re-
sponse at 3550 nm lasting a few ps; the SPT is 
not completed, consistent with recent evidence 
for a transient monoclinic metallic phase of 
VO2.  On the other hand, resonant excitation of 
the hybrid gold-VO2 nanoparticles by 800 nm 
pump pulses generates ballistic electrons that 
interact synergistically with e-h pairs created by 

photon absorption in the VO2.  Density-functional calculations show that the additional electrons 
indirectly destabilize the V-V dimers in monoclinic VO2, causing a catastrophic collapse of the 
6 THz phonon that initiates the SPT and driving the VO2 into its rutile metallic phase.3  The SPT 
threshold fluence drops by a factor 5, to 250 µJ/cm2, in the hybrid Au-VO2 nanostructures. 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1  Research supported by the National Science Foundation (ECCS-0801985), Defense Threat-Reduction Agency 

(HDTRA1-10-1-0047) and Office of Science, U. S. Department of Energy (DE-FG02-01-ER45916). 
2  “Plasmonic Probe of the Semiconductor to Metal Phase Transition in Vanadium Dioxide,” D. W. Ferrara, J. Nag, 

E. R. MacQuarrie, A. B. Kaye and R. F. Haglund, Jr., Nano Letters 13(9), 4169-4175.  DOI:  10.1021/nl401823r. 
3  “Ultrafast Phase Transition via Catastrophic Phonon Collapse Driven by Plasmonic Hot-Electron Injection,” K. 

Appavoo, N. F. Brady, B. Wang, M. Seo, J. Nag, R. P. Prasankumar, S. T. Pantelides, D. J. Hilton and R. F. Hag-
lund, Jr., Nano Letters 14(3), 1127-1133  (2014).  DOI:  10.1021/nl4044828 

	  
(a)  Schematic of hybrid VO2-Au nanoparticles 
deposited on a glass substrate.  (b)  Scanning-
electron micrograph of the VO2 nanoparticles 
and the mesh of covering Au nanoparticles.  (c)  
Laser pulses resonantly exciting the Au particle 
plasmon generate hot electrons that drive the 
structural phase transition in the VO2.  
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Figure 1.  Upon addition of a single charge, a 
molecular plasmon resonance can be excited. 
The neutral molecule (a) possesses no 
resonance in the visible (top, right), while the 
anion (b) possesses a strong resonance in the 
visible with a highly polar induced charge 
distribution as calculated by TDDFT( right). 

Molecular Plasmons: Graphene Plasmonics in the Picoscale limit 

N. J. Halas, Rice University 
Houston, TX  77005 

Graphene supports surface plasmons in the mid- to far-infrared that are both electrically 
and spatially tunable. Reduced-dimensional  
graphene structures, including nanoribbons, 
nanodisks, and other allotropes including carbon 
nanotubes exhibit higher frequency plasmons  
throughout the mid- and near-infrared regimes due 
to additional electronic confinement of the electrons 
to smaller length scales.  Recent theoretical 
predictions  have suggested  that further spatial 
confinement to dimensions of only a few nanometers 
(containing only a few hundred atoms) would result 
in a near-infrared plasmon resonance remarkably 
sensitive to the addition of single charge carriers[1]. 
At the extreme limit of quantum confinement, 
picoscale graphene structures containing only a few 
dozen atoms should possess a plasmon resonance 
fully switched on by the addition or removal of a 
single electron (Fig. 1).[2] We have recently begun to investigate the theoretically predicted 
plasmon resonances of polycyclic aromatic molecules, which result from the addition of a single 
electron to the neutral molecule. The resulting molecular plasmon exhibits intense absorption in 
the visible region of the spectrum, and possesses geometrical tunability analogous to plasmon 
resonances observed in far larger, nanoparticle systems. 

[1] Manjavacas, A., Thongrattanasiri, S. & de Abajo, F. J. G. Plasmons driven by single 
electrons in graphene nanoislands. Nanophotonics 2, 139–151 (2013). 

[2]Manjavacas, A. et al. Tunable Molecular Plasmons in Polycyclic Aromatic 
Hydrocarbons. ACS Nano 7, 3635–43 (2013). 
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Cooperatively enhanced light transmission in cold atomic matter

M.D. Havey,1 Kasie J. Kemp,1 Stetson J. Roof,1 I. M. Sokolov,2 and D.V. Kupriyanov2

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

The general optical properties of aggregated matter differ significantly from those of individual nuclear or
atomic scatterers. In the case of a dilute and optically thin gas of atoms the response of the system to applied
monochromatic electromagnetic radiation is well understood. However, upon increasing the atomic density, the
quantum optics of such systems develops correlated characteristics. This is especially true in cold atomic gases,
where coherence shared between applied and scattered fields, and the atoms comprising the samples, can be robust
to environmental decoherence. Among those phenomena mediated by spatial disorder, Anderson localization of
light and random atomic lasing are areas of current investigation. Because of the global coherence that can be
generated in cold atomic ensembles, an optically excited ensemble can be considered a single entity, and the system
described by a collective of atomic superpositions. One possible representation of these is the super and subradiant
states introduced by Dicke. Although superradiant states have been observed and studied by many investigators,
experimental research on the relatively fragile subradiant states has been much more limited. Recent work, for
instance, has shown that, through off-resonance optical excitation of an atomic system, a so-called timed-Dicke
state may be created. Such a collective excitation distributed through the sample as a whole, can demonstrate
one-photon superradiance. Further, the timed-Dicke state may be mixed through so-called Fano couplings into
subradiant modes, which may then be experimentally observable. In order to fully realize the potentially rich
physics embodied in these systems requires a fuller experimental and theoretical exploration of their basic optical
properties. In that direction, we report here enhanced transmission in measurements of the spectral dependence of
forward light scattering by a high-density and cold ensemble of 87Rb atoms. This phenomenon, which is a result of
dipole-dipole interaction induced cooperative light scattering in the atomic sample, implies a significant departure
from the traditional density dependence of the transmitted light as embodied in the Beer-Lambert Law. Absolute
values of the density-dependent forward light scattering cross-section are extracted from the measurements.

LEFT: Schematic of the experimental approach and representative data. RIGHT: Density dependence of the light
scattering cross-section and the normalized integrated spectral response.

This research is supported by the National Science Foundation (Grant No. NSF-PHY-1068159).
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Nonlinear Mössbauer physics at an XFEL

Kilian P. Heeg,1 Christoph H. Keitel,1 and Jörg Evers1

1Max Planck Institute for Nuclear Physics, Saupfercheckweg 1, 69117 Heidelberg, Germany

Extending the ideas and concepts of quantum optics to the x-ray regime has recently experienced a tremen-
dous progress in theoretical and experimental works. In particular, probing the extremely narrow resonances
of Mössbauer nuclei in this frequency domain has proven to be very favorable [1-4]. A notable platform
to exploit such Mössbauer transitions are nanometer sized x-ray cavities, in which the resonant nuclei are
embedded in a solid state target, see Fig. 1 (a).

For the studies performed in this setting, the x-ray light is typically provided by 3rd generation synchrotron
sources. Despite their high beam brilliance, the number of photons in each pulse resonant with the narrow
nuclear transition is still below one [1], therefore restricting the x-ray light-matter interaction to the single ex-
citation regime. However, novel concepts like free-electron lasers operating in the x-ray domain can overcome
this limitation and provide a direct route to observe nonlinear effects as well. Our theoretical description of
the x-ray cavities [5] enables us to identify proper signatures of such nonlinear phenomena.

In a recent experiment operating in the linear regime, we could demonstrate line shape control of the
spectra response via Fano interference by tuning external parameters [4] (Fig. 1 (b)). We predict a related
effect in the nonlinear domain, which in contrast is based on the intensity of the probing pulse (Fig. 1 (c)).

In this talk I will introduce the basic concepts of line shape control in our x-ray setting, both in the
linear and nonlinear regime. Furthermore, the feasibility to realize the predicted mechanism at existing or
next-generation light sources will be discussed.
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FIG. 1. (a) Resonant Mössbauer nuclei are probed by hard x-rays in a cavity setting. (b) In the linear regime, spectral
line shapes can be easily controlled via external parameters. (c) A nonlinear line shape control mechanism based on
the intensity of the probing x-ray pulse is predicted and the feasibility of an experimental implementation at novel
radiation sources is discussed.
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Optical properties of atomically thin semiconductors and heterostructures 

Tony F. Heinz 

Departments of Physics and Electrical Engineering  
Columbia University, New York, NY 10027, USA 

  

In this paper we discuss recent advances in our understanding of the optical properties 
of monolayers of the transition metal dichalcogenide (TMDC) materials, including MoS2, 
MoSe2, MoTe2, WS2, WSe2.  These materials share several unusual characteristics, 
including a transition from an indirect-gap material in the bulk to a direct-gap, emissive 
material at monolayer thickness.  They also exhibit selectivity to excitation of the 
degenerate K or K’ valley under circularly polarized radiation. 

In our discussion we will highlight progress in understanding two types of distinctive 
interactions in these materials: the many-body interactions between charge carriers in 
one layer and interactions between carriers that arise when two monolayer sheets of 
materials stacked on one another to form a bilayer. 

The many-body electronic interactions in monolayer TMDC crystals play a central role in 
defining their optical properties.  The origin of these strong many-body effects lies in the 
atomically thin character of the materials.  This implies that not only is the usual 
enhancement for systems of reduced dimensionality present, but that the effectiveness 
of screening is greatly reduced.  The excitonic character of the band-edge optical 
transitions is readily apparent from the measured spectra and charged excitons (trions) 
have also been identified, with binding energies sufficient for stability at room 
temperature.  Here we will stress recent spectroscopic studies in which we have 
identified the full progression of excited exciton states in precise absorption 
measurements.  This study directly reveals exciton binding energies of several hundred 
meV.  A strongly non-hydrogenic disposition of levels is also observed.  This can be 
replicated using a simple theory of exciton binding within an effective-mass 
approximation, but under the inclusion of non-local screening to reflect the electrostatics 
of a 2D sheet. 

Another unusual type of interaction associated with these materials concerns the 
electronic states and transitions expected in stacks of TMDC monolayers.  We will 
present results of studies of the optical response of stacks composed of two monolayers 
the same material (but with an adjustable twist angle) and bilayers of two different 
crystals.  For the twisted homo-bilayers, we have observed significant changes in the 
optical response.  Even at arbitrary twist angle, we find emission related to the indirect 
gap of the crystallographic bilayer.  We discuss this result in terms of mixing of states in 
different parts of the Brillouin zone.  For hetero-bilayers, we have explored the optical 
response using both absorption and photoluminescence measurements.  Although the 
energies of the direct transitions in the two component materials are little changed when 
the heterostructure is formed, strong quenching of the emission indicates the presence 
of new lower-lying states into which the excitation can quickly relax.  Changes in the 
linewidth of the feature also provide quantitative information on rates of interlayer 
relaxation. 
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“Bio-sensing and super-resolution with color 

centers in diamond” 

Philip Hemmer 

Electrical & Computer Engineering, Texas A&M University 

ABSTRACT 

Recently nanoscale magnetometers based on nitrogen vacancy (NV) color centers 

in diamond have been proposed for a variety of applications ranging from imaging 

of single proteins in living cells, to room temperature quantum computers, to sub-

wavelength optical lithography. 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. However the 

NV has limitations that have slowed the realization of some of these applications. 

At the same time, new classes of fluorescent emitters in diamond have been 

explored. The most notable of these being the silicon-vacancy (SiV) which is 

photostable in nanodiamonds down 1.6 nm at room temperature, and which also 

demonstrated better photonic coupling than the NV at low temperatures. In this 

talk I will briefly discuss the good and bad properties of NV and SiV diamond in 

the context of particular applications. Finally, I will discuss our preliminary data on 

the growth of SiV doped nanodiamonds with size ranging from 2-10 nm, directly 

from organic materials. The ability to produce high quality, ultrasmall 

nanodiamonds with stable color centers NV or SiV centers is critical for many 

biological applications.  
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          Distinguishing Left- and Right-handed Chiral Molecules 
  
                                                Dudley Herschbach  
 
           Institute for Quantum Science and Engineering, Texas A&M University       
 
      The pervasive importance of chirality in biology has prompted many efforts to enhance its 
quantitative measurement. That has long been a daunting task, particularly for analysis of 
mixtures comprised of several chiral species.  This talk describes a dramatic advance now 
attained by unconventional microwave spectroscopy [1-3].  I have had no part in it whatsoever.  
But I welcome the opportunity to speak about this fine work, in which a seemingly intractable 
problem has yielded to a few elementary ideas.     
 
     Figure 1 (from [1]) illustrates a pair of mirror-image stereoisomers, designated the R and S 
enantiomers of the chiral molecule 1,2-propanediol.  These opposite enantiomers have the same 
rotational constants (A,B,C related to moments of inertia) and the same magnitude of dipole 
moment components (|µa|, |µb||, |µc| along the principal axes of inertia) but the sign of the product 
µaµbµc is distinct for each enantiomer, independent of the choice of axes.   
 

   
 
      Figure 2 (from [2]) depicts (a) the relevant rotational level structure for a three-wave mixing 
scheme, as well as (b) orthogonal electric drive fields polarized in the z and x directions; these 
fields (c) induce a third mutually orthogonal microwave emission polarized in the y direction. 
The z-field drives a “c-type” transition (i.e., allowed by µc) at frequency νc; the x-field drives an 
“a-type” transition at frequency νa. The induced y-field emerges as a “b-type” transition, with the 
sum frequency νb = νc + νa.   The phase of the induced field changes sign with the enantiomer and 
its amplitude gives a very sensitive measure of chirality.  By virtue of its extremely high 
specificity, this technique is expected to be capable of fully deconvoluting a mixture of dozens of 
chiral species [2].        
 
[1]  D. Patterson, M. Schnell, and J.M. Doyle, Enantiomer-specific detection of chiral molecules via 
microwave spectroscopy,  Nature 497, 475 (2013). 
[2]  D. Patterson and J.M. Doyle,  Sensitive Chiral Analysis via Microwave Three-Wave Mixing, Phys. Rev. 
Lett. 111, 023008 (2013). 
[3]  V.A. Shubert, D. Schmitz, D. Patterson, J.M. Doyle, and M. Schnell,  Identifying Enantiomers in 
Mixtures of Chiral Molecules with Broadband Microwave Spectroscopy, Angew. Chem. Int. Ed. 53, 1152 
(2014).    
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Stopped-Light Lasing 
A Route to Cavity-Free Nanolasing 

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 first conception neaerly 50 years ago, lasers have evolved from a scientific curiosity 
in the laboratory to take a place at centre stage in today’s society. Lasers do come in all kinds of 
sizes and for an incredible variety of wavelengths but all have two vital components: a (laser) 
gain material and coherent feedback of the emitted light. In normal lasers feedback is provided by 
placing the gain material between mirrors – i.e. inside a cavity. Now, could we accomplish such 
feedback by keeping photons that have just been emitted from an active laser medium, simply 
from propagating away? Light is normally the fastest ‘object’ in the universe, but researchers 
have, indeed, recently conceived ways of slowing it down considerably, even long enough to 
consider it as having been stopped altogether.  

The talk will explain how these two fascinating aspects of light – lasing and stopped light – can 
be brought together in a nanoplasmonic waveguide (with dimensions much smaller than the 
wavelength of the emitted light itself) to form the basis for a novel concept of a laser that no 
longer requires a cavity for feedback and can be realized on the nano-scale: A stopped-light laser. 
We will discuss how this is possible by creating stopped-light singularities in the optical density 
of states, creating an optical vortex on the nanoscale and with femtosecond dynamics.  

 
Fig. 1: Left: Schematic of a stopped-light laser. Right: Lasing vortex on sub-wavelength scales. 
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It	   is	   commonly	   thought	   that	   due	   to	   diffusion	   distributing	   energy	   throughout	   a	   turbid	  media	   that	  
nonlinear	   effects	   either	   won’t	   exist,	   or	   will	   be	   weak.	   Random	   Raman	   lasing	   proves	   that	   this	  
assumption	   is	   unequivocally	   false	   for	   high	   intensity	   short	   pulses.	   Here,	   elastic	   scattering	   acts	   to	  
provide	   feedback,	   making	   random	   Raman	   lasing	   highly	   efficient.	   Up	   to	   several	   percent	   of	   the	  
incident	   pump	   light	   is	   converted	   into	   Raman	   light.	   In	   this	   talk,	   we	   will	   discuss	   how	   this	   highly	  
efficient	  process	  leads	  to	  the	  formation	  of	  higher	  order	  Raman	  modes.	  Additionally,	  we	  will	  discuss	  
how	  this	  ultra-‐bright	  emission	  can	  be	  used	  to	  identify	  powders	  from	  kilometer-‐scale	  distances,	  and	  
how	  this	  light	  can	  be	  used	  as	  a	  high	  quality,	  speckle	  free	  illumination	  source	  for	  imaging,	  due	  to	  the	  
very	   low	   spatial	   coherence	   of	   the	   random	  Raman	   laser	   emission.	   Random	  Raman	   lasing	   has	   the	  
potential	  to	  probe	  our	  understanding	  of	  light	  propagation	  in	  turbid	  
media,	   and	   make	   possible	   applications	   ranging	   from	   long-‐range	  
identification	  of	  explosives	  to	  full	  frame	  microscopy	  with	  a	  temporal	  
resolution	  of	  a	  nanosecond.	  

A	  

0

0.2

0.4

0 1 2

Experiment
Simulation

Pump energy (arb. units)

Ra
m
an
en
er
gy
(a
rb
.u
ni
ts)

500 1000 1500 2000 2500 3000
Raman shift (cm−1)

Pu
m

p
en

er
gy

Figure	  1:	  (A)	  Photograph	  of	  the	  bright	  random	  Raman	  lasing	  emission.	  	  
(B)	  Threshold	  behavior	  of	  random	  Raman	  lasing	  showing	  good	  
agreement	  with	  Monte	  Carlo	  simulations.	  (C)	  Random	  Raman	  lasing	  
threshold	  as	  a	  function	  of	  pump	  power	  illustrating	  the	  presence	  of	  
higher	  order	  Raman	  modes.	  	  
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Demonstration of a turn-key ultra-stable cryo-microscope for 

variable temperature Raman spectroscopy 

Michael E. Holmes, 1 Yao Tian,2 Anjan Reijnders,1 Isaac Henslee,1 Luke Mauritsen,1 and Kenneth 

S. Burch3 

1Montana Instruments, Inc., 151 Evergreen Dr., Bozeman, MT 59715, USA 
2Department of Physics, University of Toronto, 60 St. George Street, Toronto, ON M5S 1A7, Canada 

3Department of Physics, Boston College, 140 Commonwealth Ave, Chestnut Hill, MA 02467, USA 

 

A major challenge in low-temperature Raman microscopy is the 

collection efficiency of (anti-) Stokes shifted radiation. The 

conventional approach to sample temperature control consists of a 

flow cryostat coupled to a long working distance objective through 

a vacuum window, resulting in a low numerical aperture (NA), 

window reflections, and mandatory corrective optics. Since the 

collection efficiency scales with the square of the NA, while 

reflections and additional corrective optical elements reduce the 

Raman signal intensity, a major improvement over conventional 

Raman cryo-microscopy can be achieved by incorporating an 

objective inside the vacuum housing, see Fig. 1. Here we describe 

the design and characterization of a turn-key, closed cycle, ultra-

stable cryo-microscope coupled to a Raman spectrometer, in which 

a 100X, 0.9 NA objective has been integrated into the sample space.  

With mechanical stability within tens of nanometers, fully 

automated closed-cycle temperature control from 4K - 350K, 

nanometer resolution sample translation, and unsurpassed 

collection efficiency over the 

full visible and into the near 

infrared spectral range, we have 

developed a versatile and 

highly efficient Raman Cryo-

microscope. To illustrate its 

capabilities, we collected temperature dependent Raman spectra of 

a bulk Bi2Se3 crystal. Resolving Raman signatures in these 

compounds typically requires long data integrations times, and 

therefore are compromised by noise and error. Our design 

emphasizes high mechanical and thermal stability, and dynamic 

temperature agility that significantly minimizes the time required 

for a full sweep, leading to good signal quality. A comparison with 

previous Bi2Se3 phonon spectra shows good agreement, and 

emphasizes our signal-to-noise, mechanical stability, and ease of 

use with minimal time required for a full temperature sweep. In 

addition we discuss our Raman measurements of a V2O3 thin film 

with a spectral resolution below 2 cm-1 and temperature resolution of 1K, shown in Fig. 2. Our data 

show clear evidence of a structural phase transition spread out over several degrees around 160K. 

Moreover, a careful comparison of warm-up and cool-down temperature sweeps shows slight 

hysteresis, which can be resolved only with high temperature resolution.  

 

Figure 2 Contour temperature map of 
V2O3 showing a phase transition spread 
out around 160K with 1K resolution.  

Figure 1. Cryo-microscope components 
shown designed within a low-vibration 
closed-cycle cryostat platform. 
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A major challenge in low-temperature Raman microscopy is the 

collection efficiency of (anti-) Stokes shifted radiation. The 

conventional approach to sample temperature control consists of a 

flow cryostat coupled to a long working distance objective through 

a vacuum window, resulting in a low numerical aperture (NA), 

window reflections, and mandatory corrective optics. Since the 

collection efficiency scales with the square of the NA, while 

reflections and additional corrective optical elements reduce the 

Raman signal intensity, a major improvement over conventional 

Raman cryo-microscopy can be achieved by incorporating an 

objective inside the vacuum housing, see Fig. 1. Here we describe 

the design and characterization of a turn-key, closed cycle, ultra-

stable cryo-microscope coupled to a Raman spectrometer, in which 

a 100X, 0.9 NA objective has been integrated into the sample space.  

With mechanical stability within tens of nanometers, fully 

automated closed-cycle temperature control from 4K - 350K, 

nanometer resolution sample translation, and unsurpassed 

collection efficiency over the 

full visible and into the near 

infrared spectral range, we have 

developed a versatile and 

highly efficient Raman Cryo-

microscope. To illustrate its 

capabilities, we collected temperature dependent Raman spectra of 

a bulk Bi2Se3 crystal. Resolving Raman signatures in these 

compounds typically requires long data integrations times, and 

therefore are compromised by noise and error. Our design 

emphasizes high mechanical and thermal stability, and dynamic 

temperature agility that significantly minimizes the time required 

for a full sweep, leading to good signal quality. A comparison with 

previous Bi2Se3 phonon spectra shows good agreement, and 

emphasizes our signal-to-noise, mechanical stability, and ease of 

use with minimal time required for a full temperature sweep. In 

addition we discuss our Raman measurements of a V2O3 thin film 

with a spectral resolution below 2 cm-1 and temperature resolution of 1K, shown in Fig. 2. Our data 

show clear evidence of a structural phase transition spread out over several degrees around 160K. 

Moreover, a careful comparison of warm-up and cool-down temperature sweeps shows slight 

hysteresis, which can be resolved only with high temperature resolution.  

 

Figure 2 Contour temperature map of 
V2O3 showing a phase transition spread 
out around 160K with 1K resolution.  

Figure 1. Cryo-microscope components 
shown designed within a low-vibration 
closed-cycle cryostat platform. 
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SU(1,1) interferometry via four-wave mixing in Rb

Travis S. Horrom, Brian E. Anderson, Prasoon Gupta, and Paul D. Lett
Joint Quantum Institute: National Institute of Standards and Technology

and the University of Maryland, Gaithersburg, MD 20899 USA

Quantum-enhanced precision measurements have emerged as one of the most useful applications of quan-
tum optics. Exploiting quantum states of light and quantum processes, classical measurement limits can
be surpassed, leading to improvements in areas including clocks, spectroscopy, magnetometry, and imaging.
One measurement where straightforward quantum enhancements are possible is phase sensing with an in-
terferometer. One can inject squeezed vacuum states into the dark port of the beamsplitter in a traditional
interferometer to reduce the quantum noise and reach phase sensitivities beyond the shot noise limit. An
alternate approach is to replace the beamsplitters of an interferometer with nonlinear parametric amplifiers,
which produce nonclassical states of light that can be used to surpass classical performance. This so called
SU(1,1) interferometer can theoretically approach sensitivities that scale as 1/n, the Heisenberg limit where
n is the interior phase sensing photon number, compared to the shot noise limit of 1/

√
n for a traditional

interferometer [1].
I will present our group’s experimental progress in testing a Mach-Zender SU(1,1) interferometer using

four-wave mixers (4WMs) in hot Rb atoms as the parametric beamsplitters. The 4WM process generates
entangled twin beams which serve as the two arms of the interferometer, and are then recombined in a second
4WM cell, resulting in a phase-sensitive output. We will extend the work done on this interferometer [2, 3]
by performing a detailed analysis of the output signal to noise through homodyne measurements, and will
attempt to observe the better-than-shot-noise scaling of the sensitivity. We will also consider the various
difficulties of this optical interferometer such as the susceptibility to loss and imperfect mode-matching within
the interferometer.

Our group is also considering an analogous SU(1,1) interferometer in a cold atom system. Collisions in a
spinor Bose-Einstein condensate of sodium atoms give rise to a 4WM process that produces spin states of the
atoms which are entangled in atom number. These interactions can be controlled to set up an SU(1,1) atom
interferometer, where the relevant measurements are now atomic population differences rather than photon
intensities. These enhancements can lead to drastic improvements in atomic spin interferometry [3, 4].

FIG. 1: a) Normal optical interferometer with beamsplitters (BS). b) SU(1,1) optical interferometer with parametric
four-wave mixers (4WM). c) Analogous four-wave mixing process for cold atom collisions.

[1] Bernard Yurke, Samuel McCall, and John Klauder. Su(2) and su(1,1) interferometers. Phys. Rev. A, 33:4033–4054,
Jun 1986.

[2] F. Hudelist, Jia Kong, Cunjin Liu, Jietai Jing, Z.Y. Ou, and Weiping Zhang. Quantum metrology with parametric
amplifier-based photon correlation interferometers. Nat Commun, 5, Jan 2014.

[3] A. Marino, N. Corzo Trejo, and P. Lett. Effect of losses on the performance of an su(1,1) interferometer. Phys.
Rev. A, 86:023844, Aug 2012.

[4] C. Gross, T. Zibold, E. Nicklas, J. Estve, and M. K. Oberthaler. Nonlinear atom interferometer surpasses classical
precision limit. Nature, 464:1165–1169, April 2010.
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Compressive 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 low-
flux 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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Optical Bound State in the Continuum and 
Large-Area Lasing in Periodic Structures 

 
Chia Wei Hsu1,2, Bo Zhen1, Song-Liang Chua1, Jeongwon Lee1, Steven G. Johnson1, 

John D. Joannopoulos1, and Marin Soljačić1 

 
1Massachusetts Institute of Technology, 2Harvard University 

 
     Bound states in the continuum (BICs) are unusual solutions of wave equations describing 
light or matter: they remain spatially confined even though they exist at the same frequency as a 
continuum of extended states that propagate to infinity. von Neumann and Wigner proposed the 
quantum mechanical version of such states in 1929, and the study of BIC is recently revived in 
nanophotonics where one can precisely control the “potential” experienced by the waves. 
However, most proposed examples of BICs are fragile and not robust, preventing their 
experimental realization. 
     We find optical BICs—both symmetry-protected ones and non-symmetry-protected ones—on 
the surface of bulk photonic crystals [1] and in simple-to-fabricate dielectric photonic crystal 
slabs [2]. At discrete k points on certain bands, leaky guided resonances above the light line turn 
into BICs spatially confined in the out-of-plane direction (Fig 1a). These BICs are robust and 
exist stably in a general class of geometries. We fabricate photonic crystal slabs using large-area 
interference photolithography (Figure 1b), and through angle-resolved reflectivity measurements, 
we successfully detect the signal of resonances turning into BICs (Figure 1c) [2]. 
    The embedded bound states have low loss and cover large area in the in-plane direction, 
making them ideal candidates for low-threshold large-area lasing. We use organic molecules 
R6G as the gain medium, and experimentally observe lasing through the BIC modes (Figure 1d) 
[3], with a significantly reduced lasing threshold (1800W/cm2) compared to previously reported 
lasing with R6G. 
 

 
Figure 1. (a) Numerically calculated mode profile of a BIC in a photonic crystal slab. (b) SEM image of the 
fabricated structure. (c) Comparing experimentally obtained and numerically predicted radiative quality factor 
Qr; the divergence of Qr corresponds to leaky resonance turning into a BIC. The angles correspond to k points 
along the Γ-X direction. (d) Input-output curve for the lasing of R6G through a symmetry-protected BIC mode. 
The left inset shows the output spectrum when pumped below (blue) and above (red) the threshold. 

 

[1] C. W. Hsu, B. Zhen, S.-L. Chua, J. D. Joannopoulos, and M. Soljačić, Light: Science & Applications 2, e84 (2013). 
[2] C. W. Hsu, B. Zhen, J. Lee, S.-L. Chua, S. G. Johnson, J. D. Joannopoulos, and M. Soljačić, Nature 499, 188 (2013). 
[3] B. Zhen et al, PNAS 110, 13711 (2013). 
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from results of Lee et al. (21). The emission spectra of the
molecules when pumped below (blue) and above (red) threshold
are shown in Fig. 4 (Upper Inset). Plugging the rates of electronic
transitions in R6G and parameters of the PhC cavity into the
CMT laser model (47), the pulse energy input–output curve is
plotted against the measured data in Fig. 4. The jump in the log–
log plot clearly indicates the onset of lasing. The same result in
linear scale is shown in Fig. 4 (Lower Inset), where the output
energy grows linearly with the pump energy beyond threshold.
The theoretical predictions of both threshold and slope effi-
ciency match reasonably well with the experimental results
within experimental errors. In particular, the measured threshold
energy is 9× 103 nJ=cm2 (intensity of 1:8 kW=cm2), an order of
magnitude lower than previously demonstrated laser cavities with
the gain medium (22–25). We attribute this low lasing threshold
of R6G to the two enhancement mechanisms: (i) the excitation
enhancement, ΛC ≈ 60, which enables 12.7% absorption of the
pump energy within only a 100-nm thin layer of the dye solution,
and (ii) the rate of spontaneous emission into the lasing mode in
such a structure, which is proportional to SðkL;ωLÞ and is en-
hanced over that in free space, yielding a higher value of β.
This reduced threshold could be interesting with respect to

using organic molecules toward a monolithic (no dye circulation)
laser source covering the UV, visible, and near-IR spectrum range,
much of which is inaccessible by inorganic-based lasers. Also, lasers
with organic polymers have been shown to be sensitive analyte
sensors when operated around their thresholds (48); the ability
to reach the threshold with a very small amount of molecules, as
in our case, could significantly improve the sensitivity.

Conclusion and Summary
In summary, we present and study a unique optofluidic platform
that enables strongly enhanced light interaction with organic
molecules due to the macroscopic Fano resonances in the nano-
structured cavity. We experimentally demonstrated dramatic spec-
tral and angular redistribution of fluorescence from molecules
coupled to the special Fano resonances supported by the PhC.
The theoretical framework of the system was developed to ex-
plain and calculate the enhancement mechanisms, showing good
agreement with experiments. We found that to maximize the

overall emission enhancements, Q-matching requirements need
to be satisfied not only for the pump mode but for the fluores-
cence mode. Furthermore, we report lasing of a 100-nm thin layer
of diluted organic dye molecule solution with a threshold that is
an order of magnitude lower than any previously demonstrated
laser systems using similar molecules. The reduction of the lasing
threshold was further explained by these enhancement mecha-
nisms. This lasing experiment highlights the novelty of this sys-
tem whereby organic molecules or colloidal nanoparticles can be
simply introduced and interact with resonances of a macroscopic
nanostructured cavity anywhere along its surface. These results
present exciting opportunities in optical molecular sensing
and surface light-emitting devices due to the ability of simply
introducing matter to the surface, the delocalized nature
of the resonance modes, and the enhancement mechanisms
presented in the system. Finally, we should point out that these
results are proofs of concept only. In fact, lower lasing thresholds
and higher fluorescence enhancements can be achieved by
optimizing the structure using the theoretical model developed
in this paper. Meanwhile, our results also suggest exciting new
opportunities in optical molecular sensing due to the macro-
scopic nature of the active mode volume and the enhancement
mechanisms.

Materials and Methods
Obtaining Different Q’s from CMT. To make it simpler to keep track of the
various Q’s that appear in this paper, we first summarize and label them
with detailed explanations in Table 2. The processes to obtain different Q’s
can be summarized as follows. First, we conducted angle-resolved reflec-
tivity measurement of the PhC immersed in methanol without R6G mole-
cules. Second, we modeled the whole system from the perspective of CMT. In
this CMT model, we excited the system with an incident source propagating
from the top and impinging onto the Si3N4 layer resonant cavity. From the
first-order perturbation to Maxwell’s equation, energy conservation con-
siderations, and neglect of any higher order effects, we came up with
a semianalytical model that predicts the reflectivity of the PhC with the
parameters of the resonances as variables, including the central frequency
positions and the values of all different Q’s. Finally, we fit the experimental
results to the semianalytical model and obtained all the information about
the resonances, including different Q’s, and used them as the input of the
current study. Details are provided by Lee et al. (21).

Experimental Setup. The fluorescence spectrum was collected using a spec-
trometer with resolution of 0.03 nm (HR4000; Ocean Optics) aligned close to
the normal direction, because we were mainly interested in the special Fano
resonance with k near Γ. By tuning the position of the spectrometer with an
xyz stage, we were able to detect fluorescence into different emission angles
along Γ−X and Γ−M directions.

Excitation Enhancement from Experimental Results, Λexp
C . For wavelengths

away from the three resonances at Γ, under off-resonance coupling, most of
the emission comes from the absorption in the dch = 2-μm thick bulk layer.
For on-resonance coupling, the majority (over 80%) of the absorption happens
within the evanescent tail of the pump resonance mode, although dP

eff # dch.
The absorption in dP

eff for on-resonance coupling can be calculated from the
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Fig. 4. Low-threshold lasing of a 100-nm thin layer of R6G molecules in
solution. Input–output energy characteristics of lasing through mode 4 (580
nm) under pulsed excitation are shown. The solid lines are analytical pre-
dictions from our lasing model, whereas the green circles are energies
measured (Meas.) with a power meter. Red circles are measurement results
using the spectrometer multiplied by an arbitrary constant for the simplicity
of comparison. The jump in output power clearly indicates the onset of
lasing. (Lower Inset) Same results in linear scale, where the output grows
linearly with the pump energy beyond threshold. (Upper Inset) Measured
spectrum of emission from the PhC slab at normal direction when pumped
below (blue) and above (red) the lasing threshold. Single-mode lasing is
attained at approximately 9× 103nJ=cm2 (corresponding to an intensity of
1:8 kW=cm2).

Table 2. Summary of all the Q’s

Quality factors Pump mode Fluorescence mode

Total QP QF

Nonradiative QP
nr QF

nr

Radiative through the top QP
r QF

r

Total radiative QP;tot
r QF;tot

r

For each resonance, total Q’s ðQP;QFÞ represent the line width; nonradia-
tive Q’s ðQP

nr;Q
F
nrÞ are generated due to material absorption, scattering from

imperfections in fabrication, and inhomogeneous broadening; radiative Q’s
through the top ðQP

r ;Q
F
r Þ account only for the leakage toward the top sur-

face of the PhC that participates in the pumping and fluorescing processes;
and total radiative Q’s ðQP;tot

r ;QF;tot
r Þ account for all radiative channels and

can be calculated from FDTD simulations.

Zhen et al. PNAS | August 20, 2013 | vol. 110 | no. 34 | 13715
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Optical Bound State in the Continuum 
and its Topological Nature 
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John D. Joannopoulos1, A. Douglas Stone3, and Marin Soljačić1 

 
1Massachusetts Institute of Technology, 2Harvard University, 3Yale University 

 
     Bound states in the continuum (BICs) are unusual solutions of wave equations describing 
light or matter: they remain spatially confined even though they exist at the same frequency as a 
continuum of extended states that propagate to infinity. von Neumann and Wigner proposed the 
quantum mechanical version of such states in 1929, and the study of BIC is recently revived in 
nanophotonics where one can precisely control the “potential” experienced by the waves. 
However, typically BICs are fragile and not robust, limiting experimental observations to the 
more ordinary cases with outgoing waves forbidden by symmetry. 
     We find optical BICs—both symmetry-protected ones and non-symmetry-protected ones—on 
the surface of bulk photonic crystals [1] and in simple-to-fabricate dielectric photonic crystal 
slabs [2]. At discrete k points on certain bands, leaky guided resonances above the light line turn 
into spatially confined BICs (Fig 1a). These BICs are robust and exist stably in a general class of 
geometries. We fabricate photonic crystal slabs using large-area interference photolithography 
(Figure 1b), and through angle-resolved reflectivity measurements, we successfully detect the 
signal of resonances turning into BICs (Figure 1c) [2]. 
    Furthermore, we show that both the symmetry-protected and non-symmetry-protected BICs 
are vortex centers in the polarization direction of the far-field radiation (Figure 1d). The BICs 
carry conserved and quantized topological charges, defined by the winding number of the 
polarization vectors. The topological charges ensure the robustness and govern the generation, 
evolution, and annihilation of BICs [3]. 
 

 
Figure 1. (a) Numerically calculated mode profile of a BIC in a photonic crystal slab. (b) SEM image of the 
fabricated structure. (c) Comparing experimentally obtained and numerically predicted radiative quality factor 
Qr; the divergence of Qr corresponds to leaky resonance turning into a BIC. The angles correspond to k points 
along the Γ-X direction. (d) Polarization vector field plotted in the first Brillouin zone; plus and minus symbols 
indicate the topological charges of the BICs. 

 

[1] C. W. Hsu, B. Zhen, S.-L. Chua, J. D. Joannopoulos, and M. Soljačić, Light: Science & Applications 2, e84 (2013). 
[2] C. W. Hsu, B. Zhen, J. Lee, S.-L. Chua, S. G. Johnson, J. D. Joannopoulos, and M. Soljačić, Nature 499, 188 (2013). 
[3] B. Zhen, C. W. Hsu, L. Lu, A. D. Stone, and M. Soljačić, Phys. Rev. Lett., accepted (2014). 
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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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Imaging Energy Transport from the Nano to Mesoscale 
Libai Huang, Zhi Guo, Yan Wan, Tong Zhu 

Purdue University, West Lafayette, IN, 47907, USA 
E-mail: libai-huang@purdue.edu 

The frontier in solar energy research now lies in learning how to integrate functional 
entities across multiple length scales to create optimal devices and advancing the 
field requires transformative experimental tools that probe energy transfer processes 
from the nano to the meso lengthscales. To address this challenge, we aim to 
understand multi-scale energy transport 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 visualization of exciton transport in organic 
materials from the nano to mesoscale employing ultrafast optical microscopy.   

We have applied femtosecond 
pump-probe microcopy to 
image singlet and triplet 
exciton transport in molecular 
crystals and aggregates. Figure 
1 shows an example of triplet 
exciton transport in a single 
tetracene.  We have modeled 
the exciton transport processes 
using population profiles that 
are functions of space and time 
to elucidate the interplay 
between singlet and triplet 
transport and the role of singlet 
fission.  

We have also imaged exciton 
transport in porphyrin tubular 
aggregates (Figure 2) with 
large exciton delocalization 
length, which serve as model 
systems to resolve coherent 
pathways supported by exciton 
delocalization.  Exciton 
transport is remarkably fast in 
these tubular aggregates fast 
with transport length L of  ~ 
100 nm in 3 ps as deduced from 
the population profiles at 0 and 
3 ps.  This corresponds to an 
diffusion constant of ~ 30 cm2/s, 
more that three orders of 
magnitude larger than exciton diffusion in disordered organic materials such as 
conjugated polymer thin films. I will discuss possible mechanism for delocalization-
enhanced exciton transport.  

 
Figure 1. Left: pump-probe microscopy to directly 
image transport of triplet exciton in single tetracene 
crystal.  Pump = 475 nm, probe = 810 nm.  Scale bar: 
500 nm. Right:  population profiles as a function of 
probe position at different delay times along the fast and 
slow diffusion axes fitted to Gaussian functions.  

 
Figure 2. Chemical structure of the meso-tetra(4-
sulfonatophenyl) porphyrin (TPPS4) monomer (top). The 
tubular aggregate forms at pH ~ 1.  Right:  An atomic force 
microscopy image of the TPPS4 tubular aggregates. 
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All-Optical Logical Operations via Quantum Zeno Effect 
Yu-Ping Huang,1,2 Kevin T. McCusker,2 Dmitry V. Strekalov,3  

Abijith S. Kowligy,2 Yu-Zhu Sun,2 and Prem Kumar2  
1Department of Physics and Engineering Physics, Stevens Institute of Technology, Hoboken, NJ, USA 

2Center for Photonic Communication and Computing, Northwestern University, Evanston, Illinois, USA 
3Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California, USA 

Yuping.Huang@stevens.edu 
All-optical technologies promise to deliver new information-processing capabilities in terms of high 

speed, low energy consumption, and when quantum-mechanical features of light are exploited, enhanced 
protection again eavesdropping. An essential resource for these technologies is viable logical operations 
between optical signals. Unfortunately, their current realizations through direct nonlinear optical coupling 
are incapable of fan-out and/or suffer from excessive phase noise and quantum-state decoherence. 

In order to overcome the above difficulties, we have studied a new realization of all-optical logical 
operations via quantum Zeno effect [1]. In our general design, we mix a system of coherently-evolving all-
optical modes with external degrees of freedom 
through a nonlinear channel. When the mixing is 
strong, occupation of an optical mode by a signal 
(such as a coherent pulse or a single photon) can 
“block” additional light from entering the same 
mode. Interestingly, although the blocking effect is 
induced by the potential for strong mixing, no such 
dynamics physically occurs due to the Zeno effect. 
This somewhat counterintuitive feature leads to all-
optical applications that would not be possible 
otherwise, including deterministic quantum gates 
that are free of background noise, optical transistors 
that do not generate heat, and parametric generation 
of photonic states without higher-order scattering 
imperfections.  

Thus far, we have observed quantum Zeno 
effect both in a nonlinear Fabry-Perot cavity [2] and 
in a crystalline microdisk [3], demonstrating all-
optical switching in an “interaction-free” manner 
(see Fig. 1). In both systems, we have found good 
agreement between the measured data and 
theoretical predictions. Encouraged by these 
successes and with achievable device parameters, 
we have predicted that a deterministic conditional 
phase gate can be realized between two single 
photons using a high-quality lithium-niobate 
microdisk system [4]. Our experimental and 
theoretical progress, as a whole, points to a new 
regime of operation for all-optical technologies.  

 
[1] Y.-P. Huang and P. Kumar, Optics Letters 35, 2376 (2010). 
[2] K. T. McCusker, Y.-P. Huang, A. S. Kowligy, and P. Kumar, Phys. Rev. Lett. 110, 240403 (2013). 
[3] D. V. Strekalov, A. S. Kowligy, Y.-P. Huang, and P. Kumar, Phys. Rev. A 89, 063820 (2014) 
[4] Y.-Z. Sun, Y.-P. Huang, and P. Kumar, Phys. Rev. Lett. 110, 223901 (2013). 

Fig. 1: A prototypical realization of interaction-free all-
optical switching [2]. Top: The switch consists of a Fabry-
Perot cavity containing a second-order nonlinear crystal. 
The control beam (blue) and the signal beam (red) are 
combined and separated using dichroic mirrors. They are 
mixed in the nonlinear crystal to create a third light beam. 
Bottom: When the control is off, the signal passes through 
the cavity, but when the control is on, the induced loss (by 
the crystal to the third light beam) in the cavity prevents 
the signal beam from entering the cavity, reflecting it 
instead. The transmitted signal is decreased by a factor of 
35, while the reflected signal increases (pump is not to 
scale). Only a relatively small amount of the signal is lost; 
whereas any direct interaction with the pump would lead 
to strong signal loss, which signifies the role of the 
quantum Zeno effect. 
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Spontaneous emission from quantum dots beyond Fermi’s golden rule

Kaushik Roy-Choudhury and Stephen Hughes

Department of Physics, Queen’s University, Kingston, Ontario, Canada, K7L 3N6

The spontaneous emission rate (SE) γ of a two-
level atom coupled to a structured photonic reservoir
is determined by the local density of photonic states
(LDOS) at the emitter frequency (ωx), according to
the well known Fermi’s golden rule. Such a relation is
also supposed to hold true for semiconductor quantum
dots (QDs), which behave as artificial atoms in a solid
state medium [1]. A sharp atom-like transition along
with an ability to couple to microcavity structures such
as photonic crystal (PC) reservoirs (PCs) (Fig. 1 (a, b))
makes QDs promising as scalable qubits at optical fre-
quencies. However, coupling with lattice vibrations or
phonons renders a QD different compared to a simple
two-level atom. Phonon-dressing of QD photon emis-
sion has manifested itself directly in photoluminescence
(PL) [2] and fluorescence spectra [3].

Figure 1: A neutral QD coupled to a photonic crystal cavity
(a) and a coupled-cavity waveguide (b).

In this talk, we will demonstrate that the SE of QD
coupled to structured photonic reservoir is actually de-
termined by the broadband frequency dependence of
the LDOS, in clear violation of Fermi’s golden rule.
A self-consistent polaron master equation approach in-
cluding both photon and phonon reservoirs is utilized
in determining the phonon-modified SE rate γ̃. The
theory makes no specific assumption about the struc-
ture of the reservoirs. However for the purpose of
this talk, we will consider the special cases of a mi-
crocavity (Fig. 1(a)) and a coupled-cavity waveguide
(Fig. 1(b)). We consider interactions with longitudi-
nal acoustic phonons using parameters for single InAs
QDs [2, 3].

We find a significant breakdown of the Fermi’s
golden rule when the damping rates of the phonon bath
and photon bath compare [4], causing a dynamical in-
terplay between the two reservoirs which determines
the final SE rate. The contribution of the non-local
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Figure 2: Phonon modification factor for the spontaneous emis-
sion rate (thick solid) at T = 40 K, plotted as a function of
photonic LDOS frequency for a cavity (a) and a coupled-cavity
waveguide (b). ω0 marks the cavity peak frequency and the
waveguide band-center in (a) and (b), respectively. The dashed
line shows the profile of the corresponding photonic LDOS.

LDOS (i.e., ω 6= ωx) to the SE rate is strongest in this
situation and causes an enhancement of the SE rate;
while the local LDOS component is reduced through
phonon interactions. This is shown in Fig. 2 by plot-
ting the phonon modification factor χ = γ̃/γ to the SE
rate. The phonon-induced enhancement of the SE rate
is particularly strong in non-Lorentzian reservoirs, and
our example of a coupled cavity waveguide shows a 200-
fold increase (Fig. 2(b)) outside the waveguide band.
Apart from having a direct influence on the frequency-
dependent SE rate, the broadband frequency depen-
dence of the photonic LDOS also reveals itself through
a profound modification in the PL spectra from a co-
herently excited QD [5].

[1] e.g., J. P. Reithmaier et al., Nature 432, 197
(2004); K. Hennessy et al. Nature 445, 896 (2007).

[2] A. Ulhaq, S. M. Ulrich, D. Richter, M. Jetteri, P.
Michler, C. Roy, and S. Hughes, Phys. Rev. B
86, 241304(R) (2012).

[3] A. Ulhaq, S. Weiler, C. Roy, S. M. Ulrich, M. Jet-
ter, S. Hughes, and P. Michler, Opt. Express 21,
4382 (2013).

[4] K. Roy-Choudhury and S. Hughes, e-print:
arXiv:1406.3649(2014).

[5] ibid., e-print: arXiv:1411.6050 (2014).
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Giant photon bunching and superradiant pulse emission in quantum-dot
nanolasers

Frank Jahnke and Christopher Gies
Institute for Theoretical Physics, University of Bremen, 28334 Bremen, Germany

Marc Aßmann and Manfred Bayer
Experimentelle Physik II, Technische Universität Dortmund, 44221 Dortmund, Germany

H.A.M. Leymann, Alexander Foerster, and Jan Wiersig
Institute for Theoretical Physics, Otto-von-Guericke University of Magdeburg, 39016 Magdeburg, Germany

Christian Schneider, Martin Kamp, and Sven Höfling†

Technische Physik, University of Würzburg, 97074 Ẅurzburg, Germany,†present address: School of Physics
and Astronomy, University of St. Andrews, KY16 9SS St. Andrews, UK

Current developments in semiconductor nanolasers utilizeeffects of cavity quantum electrodynamics. Optical
resonators with highly efficient three-dimensional mode confinement are combined with quantum dot (QD)
emitters in which the three-dimensional carrier confinement leads to an atom-like carrier density of states. For
devices with a small number of 50-200 QD emitters and large spontaneous emission coupling factors laser
emission with strongly reduced laser threshold has been demonstrated [1,2].

Quantum effects of the light-matter interaction in nanolasers can lead to highly unusual effects not known in
conventional lasers. For a small number of less than 10 QD emitters in an optical cavity it has been predicted
in [3] that the radiative coupling of the emitters via the cavity field can establish a superradiant state of the
active material, which reveals itself via a giant photon bunching with g(2) ≫ 2 in the emitted radiation. The
effect is expected to disappear for large QD numbers and was not observed so far. In the absence of a cavity,
the superradiant coupling results in characteristic changes of the radiative emission lifetime. Signatures of this
effect as a function of the QD emitter number have been observed in [4].

We present novel theoretical and experimental results for nanolasers with 200 QD emitters. With the microscopic
theory we can identify regimes, in which the exchange of cavity photons between the QD emitters leads to the
establishment of a coherent phase of the active material in away that the excitation energy is stored in a coherent
(subradiant) matter state. The situation occurs below threshold and in the transition region to stimulated emission.
The associated photon trapping reduces the below-threshold photon number and leads to giant photon bunching
with g(2) ≫ 2.
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Figure: Theoretical results for the time evo-
lution of the mean photon number (bot-
tom) and intensity autocorrelation function
g(2)(τ = 0) (top) after pulsed excitation of
a QD nanolaser with various pump-pulse ar-
eas P. For weak excitation (P ≤ 0.15) a
superradient pulse is emitted with a width
much shorter than the spontaneous lifetime
(about 400 ps). In this regime,g(2) ≫ 2
is observgd in excellent agreement with the
experiment. For elevated pump rates (P ≥
0.3) the transition to coherent emission is
reached during the pulse.

[1] J. Wiersig et al., Nature460, 245 (2009).
[2] W.W. Chow, F. Jahnke, and C. Gies, Light: Science and Applications3, e201 (2014).
[3] V.V. Temnov et al., Optics Express17, 5774 (2009); A Auffeves et al., New Journal of Physics13, 093020 (2011).
[4] M. Scheibner at al., Nature Physics3, 106 (2007).
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Traditional optics fails for cold dense gases
Juha Javanainen, U. of Connecticut

We study light propagation in a homogeneously broadened atomic sample 
using classical-electrodynamics simulations. The example case is a 
slab of matter with light propagating perpendicularly to it. It turns 
out that the classical optics we all learned in school fails 
qualitatively by the time the average distance between the atoms is 
comparable to or smaller than the inverse of the wavenumber of the 
driving light. The reason is that Maxwell’s equations for a 
polarizable medium are a mean-field theory, while the dipole-dipole 
interactions make a dense and cold atomic gas a strongly correlated 
system. We demonstrate large deviations from standard optics already 
at surprisingly low densities.
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Quantum Vacuum Engineering with Metasurface over 
Macroscopic Distances: A New Regime of QED 

P. K. Jha*, X. Ni, C. Wu, Y. Wang, & X. Zhang 
NSF Nanoscale Science and Engineering Center (NSEC), 3112 Etcheverry Hall, 

Berkeley, California 94720, USA 
Materials Science Division, Lawrence Berkeley National Laboratory, 1 Cyclotron Road Berkeley, 

California 94720, USA 
(*Email: pkjha@berkeley.edu) 

 
Effect of quantum vacuum (QV), of an electromagnetic field, has led to many remarkable 
phenomena in quantum optics, atomic physics, etc. [1]. For example, a two-level quantum 
emitter in the vicinity of a metallic interface experiences a strong anisotropic quantum 
vacuum (AQV) and exhibit orientation dependent decay rate as shown in Fig. 1. Such 
AQV can induce interesting quantum interference effects in a multi-level quantum 

emitter (atoms, QDs, etc). However 
key challenge in conceiving this 
configuration lies in trapping and 
holding an atom at few tens of nm 
from the surface.  
Recently, metasurface engineered to 
exhibit unique optical properties not 
normally found in nature has attracted 
great interest due to its exceptional 
ability to control the photon states [2]. 
Here we harness these properties to 
construct a strong AQV over 

macroscopic distances (~100 λ0) and probe the anisotropy via quantum interference [3]. 
This work could open new regime of quantum electrodynamics (QED), bringing quantum 
optics with metamaterials [4,5], long-range interaction between quantum emitters, etc.  
 
[1] Scully, M. O., & Zubairy, M. S. Quantum Optics (Cambridge Press, London, 1997). 
[2] Yu, N., Capasso, F., “Flat optics with designer metasurfaces”, Nature Mater. 13, 139-150 
(2014). 
[3] Jha, P. K., Ni, X., Wu, C., Wang, Y., & Zhang, X., “Metasurface-Enabled Remote Quantum 
Interference in Atoms”, (submitted) 
[4] Dorfman, K. E., Jha, P. K., Voronine, D. V., Genevet, P., Capasso, F., & Scully, M. O. 
“Quantum-Coherence-Enhanced Surface Plasmon Amplification by Stimulated Emission of 
Radiation", Phys. Rev. Lett. 111, 043601(2013). 
[5] Jha, P. K., Mrejen, M., Kim, J., Wu, C., Wang, Y., Yin, X., & Zhang, X., “Interacting dark 
resonances with plasmonic meta-molecules”, Appl. Phys. Lett. 105, 111109(2014). 
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Correcting	  Errors	  in	  Phase	  Retrieval	  for	  Quantitative	  Coherent	  
Anti-‐Stokes	  Raman	  Scattering	  (CARS)	  Spectroscopy	  
	  
Charles	  H.	  Camp	  Jr.,	  Young	  J.	  Lee,	  Marcus	  T.	  Cicerone	  
National	  Institute	  of	  Standards	  and	  Technology,	  Gaithersburg,	  MD,	  USA	  
	  
Coherent	  anti-‐Stokes	  Raman	  scattering	  (CARS)	  microspectroscopy	  has	  
demonstrated	  significant	  potential	  for	  biological	  and	  materials	  imaging.	  Several	  
numerical	  techniques	  exist	  for	  separating	  the	  vibrationally	  resonant	  and	  
nonresonant	  CARS	  signal	  contributions,	  which	  is	  necessary	  to	  retrieve	  the	  
chemically-‐specific	  information	  available.	  These	  methods,	  however,	  rely	  on	  an	  
accurate	  measurement	  of	  the	  nonresonant	  contribution,	  and	  implicitly	  assume	  that	  
it	  is	  sample-‐independent,	  however	  it	  is	  difficult	  to	  obtain	  a	  perfect	  NRB,	  and	  the	  
nonresonant	  response	  does	  in	  fact	  vary	  with	  sample.	  These	  inadequacies	  result	  in	  
spectra	  that	  are	  not	  quantitative	  in	  that	  spectral	  features	  cannot	  be	  compared	  
between	  species,	  samples,	  and	  measurements	  performed	  on	  different	  instruments.	  I	  
will	  present	  basic	  theory,	  as	  well	  as	  simulated	  and	  experimental	  spectra	  and	  images	  
to	  demonstrate	  the	  provenance	  and	  ramifications	  of	  several	  processing	  and	  
measurement	  errors,	  and	  offer	  insights	  and	  simple	  solutions	  for	  their	  correction.	  
Additionally,	  I	  will	  present	  a	  method	  of	  normalizing	  retrieved	  spectra	  to	  facilitate	  
direct	  spectral	  comparisons	  between	  different	  CARS	  systems.	  	  
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Control of 29Si and 31P nuclear spins in silicon below 1K and in
high magnetic field

J. Järvinen1, D. Zvezdov,1,2 J. Ahokas,1 S. Sheludyakov,1 O. Vainio,1 L. Lehtonen,1 and S. Vasiliev1

1Wihuri Physical Laboratory, Department of Physics and Astronomy, University of Turku, Finland
2Institute of Physics, Kazan Federal University, Russia

We describe magnetic resonance experiments on P doped Si at temperatures down to 100 mK.
Dynamic nuclear polarization (DNP) turns out to be efficient in high magnetic fields to polarize
31P [1] or 29Si nuclear spins. We obtained control of 29Si nuclear spin orientation for specific lattice
sites near 31P donors in silicon crystals at temperatures below 1 K and in a high magnetic field of
4.6 T [2]. Excitation of the double electron-nuclear transitions at a frequency of about 128 GHz
leads via the resolved solid effect to a pattern of narrow holes and peaks in the ESR lines of 31P.
The pattern originates from the 29Si nuclear spins oriented in specific lattice sites near the donors.
This method can be used for initialization of qubits based on 29Si nuclear spins in an all-silicon
quantum computer. The 29Si nuclear spins can be further manipulated via NMR at the 35 - 42
MHz frequency range.
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Figure 1: Electron spin resonance signal of phosphorus donors in silicon. The peaks in the spectra
correspond to orientation of the 29Si nuclear spins in distinct lattice sites near the donors. The
silicon nuclei can be polarized to an up or down state by exciting double electron-nuclear flip-flip
or flip-flop transitions.

[1] J. Järvinen, J. Ahokas, S. Sheludyakov, O. Vainio, L. Lehtonen, S. Vasiliev, D. Zvezdov, Y.
Fujii, S. Mitsudo, T. Mizusaki, M. Gwak, SangGap Lee, Soonchil Lee, and L. Vlasenko, Phys.
Rev. B 90, 214401 (2014).

[2] J. Järvinen, D. Zvezdov, J. Ahokas, S. Sheludyakov, O. Vainio, L. Lehtonen, S. Vasiliev, Y.
Fujii, S. Mitsudo, T. Mizusaki, M. Gwak, SangGap Lee, Soonchil Lee, L. Vlasenko, Arxiv:
physics.atm-clus/1409.6462 (2014).
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 Exploring the limits of two photon interference from coupled  
quantum dot - microcavity systems 

 
C. Schneider, S. Unsleber, P. Gold, S. Maier, M. Dambach, S. Höfling, and M. Kamp 

Technische Physik, University of Würzburg, Am Hubland, D-97074 Würzburg, Germany 

D.P.S McCutcheon, N. Gregersen, J. Mork 
Department of Photonics Engineering, Technical University of Denmark, Orsteds Plads, 2800 Kgs. Lyngby, Denmark 

Y.M. He, Y. He, C.-Y. Lu, and J.-W. Pan 
Hefei National Laboratory, University of Science and Technology of China, Hefei, Anhui 230026, China 

 
 
Single, indistinguishable photons are at the heart of applications in quantum communication, quantum networks 
and linear quantum computing [1]. Promising light sources that emit such photons are semiconductor quantum 
dots (QDs). They offer a very good suppression of multiple photon emission, bear the possibility of emitting 
indistinguishable photons [2], and can be implemented into nanostructure waveguides and microcavities for high 
extraction efficiencies [3].  Here, we study the two photon interference (TPI) from QDs embedded in optical 
microcavities. The QDs are excited with a ps-pulsed laser into the wetting layer (WL), quasi-resonantly into a 
higher resonance (such as the p-shell) or strictly resonant into the s-shell in the resonance fluorescence 
configuration. We find a consistent increase of the TPI visibility moving from non-resonant to strictly resonant 
excitation, as a consequence of reducing the effects of carrier recapturing and pure dephasing induced from 
background carriers [4]. The interference contrast under resonant excitation conditions reaches record values in 
excess of 95 % [5]. When embedded in a high quality factor microcavity with a Purcell factor of 7.8, we can 
observe high-visibility TPI even under quasi-resonant excitation conditions with visibilities exceeding 80%. The 
measurements of the gHOM

(2) value shown in Fig. 1 for various time delays and detunings between the quantum 
dot and the cavity resonance allow an identification of the factors that limit the visibility in these experiments. 
Despite the quasi-resonant excitation scheme and the elevated temperatures approaching 20 K, a newly 
developed microscopic model directly reflects that we can exclude time jitter as the dominant source of 
decoherence, and that phonons play a secondary role. This points at the possibility to approach unity 
indistinguishability in TPI experiments even under quasi-resonant excitation conditions, which are significantly 
easier to implement, and possibly can be established under electrical carrier injection.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Left: TPI as a function of the time delay; Right: Interference minimum dip versus QD-cavity detuning: The green 
dashed line assumes time jitter as the limiting effect, the solid red curve finds temperature independent pure dephasing as 
the dominating source of decoherence, with a secondary (~30 %) contribution of phonons.  
 
Funding is acknowledged by the State of Bavaria, the BMBF within the Q.com-H project and the CHIST-ERA network SSQN.  
 
[1] J.-W. Pan, Z.-B. Chen, C.-Y. Lu, H. Weinfurter. A. Zeilinger, and M. Żukowski, Rev. Mod. Phys. 84, 777 (2012).  
[2] C. Santori, D. Fattal, J. Vučković, G. S. Solomon & Y. Yamamoto, Nature 419, 594 (2002). 
[3] T. Heindel, C. Schneider, M. Lermer, S.H. Kwon, T. Braun, S. Reitzenstein, S. Höfling, M. Kamp, and A. Forchel, 

Appl. Phys. Lett. 100, 011107 (2010). 
[4] P. Gold, A. Thoma, S. Maier, S. Reitzenstein, C. Schneider, S. Höfling, and M. Kamp, Phys. Rev. B 89, 035313 (2014). 
[5] Y.M. He, Y. He, Y.J. Wei, M. Atatüre, C. Schneider, S. Höfling, M. Kamp, C.-Y. Lu and J.W. Pan,   

Nature Nanotech. 8, 213-217 (2013). 
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CAN A QUANTUM HEAT ENGINE BE DEMONIZED? 

Peter D. Keefe 
University of Detroit Mercy 

 

 

 

A thermal heat engine and a quantum heat engine share the same physical description.  Even  
 

                              
 

Though the thermal heat engine uses steam as its working medium and the quantum heat engine 
uses a superconductor as its working medium, thermodynamics applies equally well to either 
process cycle, and the Second Law is strictly obeyed.  The talk will discuss how a clever 
quantum mechanic could tweak a quantum heat engine to get around the law, and how Nature 
may arrest such lawlessness. 
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From weak to ultra-strong matter-light coupling
with organic materials

Jonathan Keeling1

The idea of studying strong matter-light coupling using organic molecules has a long history [1, 2], but
has recently seen an explosion of experimental interest [3–5]. In particular exciton-polariton lasing and
condensation has now been observed in a variety of organic media, including anthracene [3], organic
polymers [4], and fluorenes [5]. Closely related to these strong coupling polariton condensates is the
observation, in weak coupling, of Bose-Einstein condensation of photons in a dye-filled microcavity [6].
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(a,b) Time evolution of spectrum for a
photon BEC, from [7]. (c) Absorption
spectrum with vibrational sidebands.

These experiments pose several questions about the relation of
condensation and lasing, and about the role of vibrational modes
in the physics of photon and polariton condensation. I will discuss
several aspects of our recent work on these subjects. In the context
of photon condensation, I will discuss the role of vibrational modes
in establishing a thermal distribution of photons [7, 8], including
the time-evolution toward the thermal state (shown in panels (a,b),
to the right). In the context of polariton condensation I will discuss
the effects of vibrational sidebands on Bose-Einstein condensation
of polaritons [9].

In addition to the above, which is focused on the physics of Bose-
Einstein condensation or lasing, there has been an as-yet separate
strand of work [10] exploring how strong coupling in the vacuum
can affect material properties. I will also discuss some work in
progress [11] exploring the effects of ultra-strong coupling on the
vibrational state of molecules in the vacuum state, and its signa-
tures in the absorption spectrum of a strongly coupled system. As
shown in panel (c), the contribution of different vibrational side-
bands to the absorption spectrum can be strongly temperature dependent, and the form of this spectrum
shows a intricate dependence on the interplay of strong coupling and dressing by vibrational modes.

[1] V. M. Agranovich, The Theory of Excitons (Nauka,
Moscow, 1968).

[2] V. M. Agranovich, Excitations in Organic Solids
(Oxford University Press, Oxford, 2009).

[3] S. Kéna-Cohen and S. R. Forrest Nat. Photon. 4,
371 (2010)

[4] J. D. Plumhof, T. Stöferle, L. Mai, U. Scherf, and
R. F. Mahrt Nat. Mater. 13, 247 (2014)

[5] K. S. Daskalakis, S. A. Maier, R. Murray, and
S. Kéna-Cohen Nat. Mater. 13, 271 (2014)

[6] J. Klaers, J. Schmitt, F. Vewinger, and M. Weitz Na-
ture 468, 545 (2010)

[7] P. Kirton and J. Keeling (2014), submitted,
1410.6632.

[8] P. Kirton and J. Keeling Phys. Rev. Lett. 111, 100404
(2013)

[9] J. A. Ćwik, S. Reja, P. B. Littlewood, and J. Keeling
Eur. Lett. 105, 47009 (2014)

[10] A. Canaguier-Durand, E. Devaux, J. George,
Y. Pang, J. A. Hutchison, T. Schwartz, C. Genet,
N. Wilhelms, J.-M. Lehn, and T. W. Ebbesen
Angew. Chem. Int. Ed. Engl. 52, 10533 (2013)

[11] J. A. Ćwik, P. G. Kirton, S. De Liberato, and J. Keel-
ing, in preparation.

1Scottish Universities Physics Alliance, School of Physics and Astronomy, University of St Andrews, KY16 9SS, UK.
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MIXSEL:  a novel ultrafast semiconductor laser 
 

M. Mangold, S. M. Link, C. A. Zaugg, A. Klenner, A. S. Mayer, M. Golling, B. W. Tilma, U. Keller 
Department of Physics, Institute for Quantum Electronics, ETH Zurich, Zurich, Switzerland  

http://www.ulp.ethz.ch/research/VecselMixsel 
 

Optically pumped, passively modelocked semiconductor disk lasers (SDLs) or vertical-external-cavity surface-emitting 
lasers (VECSELs) are excellent sources for industrial and scientific applications that benefit from high-power ultrafast 
lasers with gigahertz repetition rates and excellent beam quality [1]. The modelocked integrated external-cavity surface 
emitting laser (MIXSEL [2]) reduces complexity, packaging, and manufacturing cost even more by combining the gain of 
VECSELs with the saturable absorber of a semiconductor saturable absorber mirror (SESAM) in a single semiconductor 
wafer. Self-starting and stable passive modelocking with a MIXSEL is achieved with high average power pulses (Fig. 1).  
We present a detailed noise characterization of a picosecond high-power MIXSEL (Fig. 2) which demonstrates excellent 
noise performance, comparable to ion-doped solid-state lasers and much better than edge emitting semiconductor lasers or 
fiber lasers. 

 
Fig 1. Repetition-rate scaling of high-power QW-absorber MIXSEL: a) schematic of the passively modelocked 
straight MIXSEL cavity and b) output power (blue) and pulse duration (red) for increasing repetition rates from 
5 GHz to 101 GHz with radii of curvature (ROC) of the different output couplers; 101-GHz-MIXSEL producing 
127 mW of average output power with c) long-delay autocorrelation with sech2-fit of a 570-fs pulse, d) optical 
spectrum with a mode-spacing of 101.2 GHz (0.313 nm) centered at 963.8 nm demonstrating excellent signal-to-
noise ratio and e) picture of 1.49 mm long cavity [3]. 

 

 
Fig 2. Noise characterization of a high-power MIXSEL: a.) Timing phase noise spectra of free-running (solid red) 
and actively stabilized (solid green) laser compared with the electronic reference (dashed purple) and the specified 
sensitivity of the SSA (dashed blue). Inset: rms amplitude noise values <0.15% [1 Hz, 10 MHz]; b.) MIXSEL 
housing reduces external perturbation. The 808-nm pump diode array is fiber-coupled to the housing [4]. 

We will discuss further optimization of the MIXSEL structure and absorber together with mode-size power scaling which is 
expected to enable femtosecond operation at watt-level average output power levels within a broad range of repetition rates. 

[1] U. Keller, and A. C. Tropper, Phys. Rep. 429, 67-120 (2006). 
[2] D. J. H. C. Maas, et al., Appl. Phys. B 88, 493-497 (2007). 
[3] M. Mangold, et al., Opt. Express. 22, 6099-6107 (2014). 
[4] M. Mangold, et al. IEEE Photon. J. 6, 1-9 (2014). 
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Development of Compressive Video Imaging and Its Application to Imaging Plasmons 
Yun Li, Liyang Lu, Jianbo Chen, Yibo Xu, L. Xu, and K. F. Kelly 

Electrical & Computer Engineering Department, Rice University, Houston, TX 77005 
 

There has been an explosion over the last decade in applying compressive sensing to radically alter the way 
various technologies acquire data.  Among the many uses are radar, medical systems such as MRI, and 
quantum ghost imaging. However, the allure of solving an incredibly ill-posed problem with suitably structured 
sampling and optimization only constrained by sparsity has run head-on into many practical limitations. Most 
critically is the scaling of the associated acquisition and computation strategies from one- and two-dimensional 
data sets into three- and four-dimensional ones. In this talk, we review the mathematics behind three recent 
approaches to acquiring compressive video via spatio-temporal multiplexing and their implementation on the 
imaging systems in our lab. 

Our first approach (left three images) was to create a dual-scale measurement matrix based on a low-
resolution Hadamard that can be directly reconstructed coupled with a higher frequency structure for sparse 
video called CS-MUVI [1]. Top left is traditional reconstruction, middle left is the Hadamard preview, and 
bottom left is the full sparse video. One can see in the middle three images that we have recently extended this 
to an any-scale STONE transform with the top being low resolution, middle center being medium, and bottom 
being full resolution sparse video [2]. The last approach gives up some of the generality of the previous ones to 
generate higher quality images of the moving objects using a Hadamard model-based approach as seen on the 
right. Here the top is reconstruction on the moving car only, the middle right is the ground truth, and the 
bottom right is traditional CS video illustrating the clutter of the background and nonmoving cars [3]. 

                                                       

One immediate application where there will be a great benefit is compressive dark-field microscopy of 
plasmonic nanostructures. This is a more efficient method to than earlier single particle spectroscopy and less-
costly than the competitive push-broom hyperspectral imaging. In addition, our approach is much more 
scalable to wavelengths beyond the range of silicon detectors such as the short-wavelength infrared. We can 
recover a complete spectrum at every pixel in the image as shown below by selecting specific bands during the 
compressive imaging of gold nanobelts [4]. While this example is static, such particles are often used to tag 
structures in cellular systems where they are used to monitor various dynamic processes. 

                                                           

Lastly, this talk will end with a few comments on a mask-based approach for compressive video [5] 
when multiplexing by micromirrors or alterative high-speed modulators is not possible and how such an 
approach will be especially beneficial for imaging at extreme wavelengths such as terahertz and x-rays as well 
as being applicable to imaging with particles as in electron microscopy. 

 
_______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

[1] A.C. Sankaranarayanan, C. Studer, R.G. Baraniuk, “CS-MUVI,” ICCP 2012, pp.1-10; A.C. Sankaranarayanan, L. Xu, C. Studer, Y. Li, K.F. 
Kelly, R.G. Baraniuk, “Video Compressive Sensing For Spatial Multiplexing Cameras,” SIAM J. Imaging Sciences, accepted. 
[2] T. Goldstein, L. Xu, K.F. Kelly, R.G. Baraniuk, “The STONE Transform,” IEEE Transactions on Image Processing, accepted. 
[3] Y. Li, L. Xu, L. Lu, K.F. Kelly, “HDTV

2
: Model-based Compressive Video using the Hadamard Transform,” submitted. 

[4] L. Lu, L.E. Anderson, Y. Li, C.M. Payne, J.H. Hafner, K.F. Kelly  “Compressive Hyperspectral Scattering Microscopy,” in preparation. 
[5] L. Xu, M. Turner, W. Yin, K.F. Kelly “Compressive Imaging via Circulant Matrices,” submitted. Y. Xu, L. Lu, L. Xu, K.F. Kelly “Mask-based 
Compressive Video using Circulant Matrices,” in preparation. 
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Thermodynamics inBoseGas
Moochan B. Kim1, Da-Wei Wang1, Anatoly Svidzinsky1, Marlan O. Scully1−3

1IQSE and Physics Department in Tamu, Tx 2Baylor, Tx and 3Princeton, NJ

After themanipulation of Bose Einstein Condensation in a vapor of 87Rb atoms, the research
on the old ‘many-body problem’ has been reinvigorated. The thermodynamics quantities of Bose
gas are investigated in ideal and weakly interacting cases. Even though the thermodynamics for
ideal Bose gas can be thoroughly studies through partition function in proper ensemble, such as
a canonical ensemble, the results for interacting Bose gas are rare since the exact corresponding
partition function is unknown. Wewill extend these results into weakly interacting case, using an
approximate partition function using the Bogoliubov transformed Hamiltonian. Comparing with
the results on Grand Canonical ensemble results in thermodynamics limit and Canonical ensemble
results in f nitenumber of Boseparticles, wehaveargued thevalidity of theseapproximatemethods
in a weakly interacting case.
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Topological defect lasers 
 

Sebastian Knitter1, Seng Fatt Liew1, Wen Xiong1, Mikhael I. Guy2, Glenn S. Solomon3, and Hui Cao1 
 

1Department of Applied Physics, Yale University, New Haven, Connecticut 06520, USA 
2Science & Research Software Core, Yale University, New Haven, Connecticut 06520, USA 

3Joint Quantum Institute, NIST and University of Maryland, Gaithersburg, Maryland 20899, USA 
 

We demonstrate topological defect lasers in a GaAs 
membrane with embedded InAs quantum dots. By 
introducing the disclination to a square-lattice of 
elliptical air holes, we obtain spatially confined optical 
resonances with high quality factor. Such resonances 
support powerflow vortices, and lase upon optical 
excitation of quantum dots, embedded in the structure. 
The spatially inhomogeneous variation of the unit cell 
orientation adds another dimension to the control of 
lasing modes, enabling creation of desired field pattern 
and energy flow landscape. 

The topological defect laser was fabricated in a 190nm-
thick free-standing GaAs membrane, by means of 
electron-beam lithography and subsequent etching 
steps. As shown in Fig. 1, the 32x32 elliptical air holes 
were distributed on a square lattice with an angular 
orientation of  Φ = θ + c, with θ being the polar angle 
of the ellipse on the square grid and the topological 
charge c=π/4. The ellipticity of the air holes is  ε = 1.4. 
In order to increase light confinement in the structure, a 
the 4x4 void was introduced in the center of the 
pattern. InAs QDs were embedded in the membrane to 
supply gain for lasing upon optical excitation.  

We observed lasing in the localized mode of the 
structure shown in Fig. 1. When the lattice constant 
was changed from 200 to 220 nm, a different mode was 
tuned into the QD gain spectrum and started lasing.   

 
To understand the nature of the lasing modes in the 
topological defect structure, we performed 3D 
numerical simulation. In comparison to the defect state 
in a regular photonic crystal (square lattice of circular 
air holes), the field profile of a localized state in the 
topological defect structure is notably modified. As 
shown in Fig. 2, an optical vortex occurred in the 
center of the structure. The observed vortices are 
attributed to a symmetry breaking between the 
coupling of the clockwise and counterclockwise 
traveling waves in the central defect region to the 
extended states in the surrounding structure. 
 

 
Figure. 1: (a) Electron microscopic image of a topological 

defect laser  

 
Figure 2: Spatial field distribution of a localized mode in 

the the topological defect structure (a) and in the PhC 
crystal with circular holes (b). (c,d) Corresponding optical 

power flow of the two modes in (a,b), respectively. 
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Microscopic Theory of Electron Kinetics and Ultrafast Optics of 2D-Materials 

Florian Wendler, Gunnar Berghäuser, Torben Winzer, Ermin Malic, and Andreas Knorr 

Institut für Theoretische Physik, Technische Universität Berlin, Germany 

Two-dimensional, atomically thin materials, such as graphene and transition metal dichalcogenides 

(TMDs), exhibit unique optical properties and a multitude of so far unexplored many-particle effects. 

Within a density matrix formalism we develop a general description of electron kinetics and ultrafast 

optics of these materials. After a brief review of the current status, we address three specific points: 

 

(i) Graphene electrons: anisotropic excitation and relaxation on a femtosecond time scale 

We demonstrate that linearly polarized optical pulse excitation  gives rise to an anisotropic non-

equilibrium carrier distribution in momentum space, cf. Fig. 1(a). Due to carrier-phonon scattering the 

carriers relax towards an isotropic distribution within the first 150 fs after the pump pulse [1]. As 

observed in recent experiments [1], during that time the differential transmission spectrum is highly 

sensitive to the relative angle between pump and probe pulse polarization, cp. Fig. 1(b). 

 

(ii) Auger scattering of Landau-quantized graphene electrons: 

In Landau-quantized graphene, the optical selection rules for circularly polarized light allow to 

selectively excite single transitions between the non-equidistant Landau levels. The interplay of 

optical pumping and carrier-carrier scattering, particularly Auger scattering, dominates the dynamics 

already during the excitation. In agreement with recent experiments, the Auger scattering is reflected 

by an unexpected sign flip in the differential transmission spectrum, cf. Fig. 1(c) [2]. 

 

 

Figure 1: (a) Anisotropic non-equilibrium carrier distribution for a y-polarized pump pulse (b) DTS for a probe pulse 

polarization parallel (red) and perpendicular (blue) w.r.t. to the pump (c) DTS for a right-handed polarized pump and a left-

handed polarized probe accounting for the full dynamics (solid red) and excluding carrier-carrier scattering (dashed blue).  

(iii) Ultrafast intervalley coupling in TMDs: 

In TMDs, two valleys (K and K') in the band structure can be selectively excited using right- or left-

handed polarized light. We demonstrate that the strong two-dimensional Coulomb interaction leads to 

exciton formation and mutual coupling of both valleys, detected in ultrafast differential transmission.  

 

[1] E.Malic et al., Appl.Phys.Lett. 101, 213110 (2012);  

     M.Mittendorff et al., Nano Lett. 14, 1504-1507 (2014).  

[2] F.Wendler et al., Nat. Comm. 5, 3703 (2014);  

     M. Mittendorff et al., Nat. Phys., DOI:10.1038/nphys3164.  
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Coherent control of the gamma-photon waveforms:  

gamma-photon time-bin qudits  
 

                  F.Vagizov1,2,  R. Shakhmuratov2, V.  Antonov,3,1, Y. Radeonychev,3,1,  

                                       M.O. Scully and O. Kocharovskaya1             
                1Department of Physics & Astronomy, Texas A&M University, College Station, TX 77843, USA 
                      2Kazan Federal University, and Kazan Physical Technical Institute, RAS, Russian Federation 

            3 Institute of Applied Physics, Russian Academy of Science, Nizhny Novgorod, Russia 
                                 

     Resonant interaction of the single gamma-photon with a vibrated thin resonant 

Mössbauer absorber leads to coherent control of the waveforms of the single 

gamma-photons via formation of the frequency comb with a frequency interval de-

termined by the vibration frequency and with a number of spectral components de-

termined by modulation index [1].  

    In this work we show theoretically and demonstrate experimentally how the tun-

ing of an absorber to the first, second or third sideband, under condition when an 

amplitude of the corresponding sideband is maximized, results in a formation of 

the single, double and triple single photon pulses, accordingly. This technique 

opens the way for realization of varies time bin encoding schemes of quantum in-

formation including time bin qubits, qutrits, etc. 

 
 

1. F. Vagizov , V.Antonov, Y.V. Radeonychev, R. N. Shakhmuratov,  O. Ko-

charovskaya,  Nature, 508, 80 (2014).  
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Measuring topological transitions in superconducting qubits 
Michael Kolodrubetz, Anatoli Polkovnikov: Boston University 

Michael Schroer, Will Kindel, Konrad Lehnert: University of Colorado Boulder 

Pedram Roushan, Charles Neill, Yu Chen, John Martinis: University of California at Santa Barbara 

Topological band insulators are defined by a non-trivial winding of their wavefunction on the first 

Brillouin zone, which is captured by topological invariants such as the first Chern number. More 

generally, this Chern number can be defined for an arbitrary closed parameter manifold as the integral 

of the ground state Berry curvature over the manifold, where it capture important properties of the 

wave function over the global manifold. 

In this talk, we theoretically propose and experimentally demonstrate a simple method for measuring 

the Berry curvature and the Chern number by analogy with measuring Lorentz force. Unlike traditional 

methods for measuring geometric properties such as the Berry’s phase, this protocol does not rely on 

interference and is thus generalizable to larger interacting systems. As a proof of principle, we measure 

the Berry curvature and Chern number of a single superconducting transmon qubit with respect to the 

spherical angles of an effective magnetic field [1]. Furthermore, we drive a topological transition by 

adding a constant offset field, which changes the winding of wave function as these angles are varied. 

As a first step towards demonstrating the scalability of this method, we then map out the topological 

phase diagram of a two qubit system in the recently-developed g-mon architecture [2]. We find an 

interaction-driven (integer) topological transition and show how the phase diagram can be interpreted 

in term of an effective Berry electromagnetism. Finally, we comment on future directions, including 

experimental searches for higher Chern number and the impact of fractionalization. 

 

 

 

 

 

 

 

Figure 1: Topology of one and two qubit systems. (a) Topological transition in a single qubit as the offset 

field (Δ2) is made larger than the probe field (Δ1). (b) 2D cut of a full two qubit topological phase diagram 

(c) as a function of offset field (H0), probe field (Hr) and interactions (g). 

[1] M. D. Schroer, M. H. Kolodrubetz, W. F. Kindel, M. Sandberg, J. Gao, M. R. Vissers, D. P. Pappas, A. 

Polkovnikov and K. W. Lehnert. Phys. Rev. Lett. 113, 050402 (2014). 

[2] P. Roushan, C. Neill, Y. Chen, M. Kolodrubetz, C. Quintana, N. Leung, M. Fang, R. Barends, B. 

Campbell, Z. Chen, B. Chiaro, A. Dunsworth, E. Jeffrey, J. Kelly, A. Megrant, J. Mutus, P. J. J. O’Malley, D. 

Sank, A. Vainsencher, J. Wenner, T. White, A. Polkovnikov, A. N. Cleland and J. M. Martinis. Nature 515, 

241 (2014). 

(a) (b) (c) 
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The radical-pair mechanism as a paradigm for the emerging 
science of quantum biology 

Iannis Kominis 
Department of Physics, University of Crete, Heraklion 71003 Greece 

 
 

Quantum	  biology	   is	   swiftly	   emerging	  as	   an	   interdisciplinary	   synthesis	  of	  quantum	  
information	   science	   with	   the	   complexity	   and	   phenomenological	   richness	   of	  
biological	  systems.	  In	  particular,	  the	  existence	  of	  quantum	  coherence	  effects	  in	  wet	  
and	   warm	   biological	   matter,	   not	   long	   ago	   considered	   as	   unattainable,	   is	   now	  
confirmed	  experimentally.	   Indeed,	   in	  the	  last	   few	  years	  we	  have	  witnessed	  several	  
experimental	   and	   theoretical	   results	   mainly	   on	   the	   quantum	   dynamics	   of	  
photosynthetic	  light	  harvesting.	  	  
	  
Another	   major	   driver	   of	   quantum	   biology	  
has	   been	   [1]	   the	   radical-‐pair	   mechanism	  
(RPM).	  	  Although	  the	  RPM	  has	  been	  known	  
since	   the	   late	   60’s,	   its	   intricate	   quantum-‐
information-‐science	   aspect	   has	   been	   only	  
recently	  unraveled	  [1,2,3].	  This	  has	  led	  to	  a	  
flurry	   of	   activity	   in	   the	   quantum	   physics	  
community,	   the	   main	   motivation	   and	  
excitement	  being	   the	  RPM’s	  relation	  to	   the	  
avian	   magnetic	   compass.	   It	   is	   clear	   that	  
concepts	   of	   quantum	   measurements,	  
quantum	   (de)coherence	   and	   quantum	  
correlations	  take	  on	  a	  whole	  new	  scientific	  
flavor	  when	  applied	  to	  migrating	  birds.	  	  
	  
In	   this	   talk	   we	  will	   review	   our	   work	   over	  
the	   last	   6	   years,	   culminating	   in	   a	   physically	   and	   mathematically	   consistent	  
derivation	  of	  the	  master	  equation	  describing	  the	  fundamental	  quantum	  dynamics	  of	  
radical-‐pair	  reactions.	  Quantum	  measurements,	  quantum	  coherence	  and	  coherence	  
measures,	  even	  the	  quantum	  communications	  concept	  of	  quantum	  retrodiction,	  will	  
be	  shown	  to	  be	  central	  in	  this	  quest.	  
	  
	  
[1]	   I.	   K.	   Kominis,	  Quantum	   Zeno	   effect	   explains	  magnetic-‐sensitive	   radical-‐ion-‐pair	   reactions.	  
Phys.	  Rev.	  E	  80,	  056115	  (2009)	  
[2]	  I.	  K.	  Kominis,	  Radical-‐ion-‐pair	  reactions	  are	  the	  biochemical	  equivalent	  of	  the	  optical	  double	  
slit	  experiment.	  Phys.	  Rev.	  E	  83,	  056118	  (2011)	  
[3]	   M.	   Kritsotakis	   and	   I.	   K.	   Kominis,	   Retrodictive	   derivation	   of	   the	   radical-‐ion-‐pair	   master	  
equation	  and	  Monte	  Carlo	  simulation	  with	  single-‐molecule	  quantum	  trajectories	  Phys.	  Rev.	  E	  90,	  
042719	  (2014)	  
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Terahertz Science and Technology of Carbon Nanomaterials 
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The diverse applications of terahertz (THz) radiation and its importance to fundamental 
condensed matter science makes finding ways to generate, manipulate, and detect THz radiation 
one of the key areas of modern applied physics.  However, despite decades of worldwide efforts, 
the THz region of the electromagnetic spectrum still continues to be elusive for solid-state 
technology. 

Recently, there has been a growing recognition that carbon nanomaterials – i.e., graphene 
and carbon nanotubes (CNTs) – have some outstanding electronic and photonic properties that 
are ideally suited for THz devices [1]. 

In this talk, after reviewing the past, current, and future of the THz science and 
technology of graphene and carbon nanotubes, we will present some of our latest results on THz 
dynamic conductivity and ultrafast carrier dynamic as well as THz devices including polarizers, 
modulators, and detectors. 
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Broadband Terahertz Polarizers with Ideal Performance Based on
Aligned Carbon Nanotube Stacks
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ABSTRACT: We demonstrate a terahertz polarizer built with stacks of aligned single-walled carbon nanotubes (SWCNTs)
exhibiting ideal broadband terahertz properties: 99.9% degree of polarization and extinction ratios of 10−3 (or 30 dB) from ∼0.4
to 2.2 THz. Compared to structurally tuned and fragile wire-grid systems, the performance in these polarizers is driven by the
inherent anistropic absorption of SWCNTs that enables a physically robust structure. Supported by a scalable dry contact-
transfer approach, these SWCNT-based polarizers are ideal for emerging terahertz applications.
KEYWORDS: Terahertz polarizer, aligned carbon nanotubes, chemical vapor deposition, contact transfer

Applications in terahertz (THz) technology are progressing
at a rapid rate in concert with new compact techniques to

produce THz radiation.1−5 The potential applications of THz
technology are diverse, as THz radiation provides a unique
medium for noninvasive imaging, communications, and sensing
devices that are currently being developed on both a research
and industrial scale.1,2 Complementary to the development of
this technology, it is not only important to devise ways to
produce THz radiation but also to have robust approaches to
manipulate it and extract the detailed information contained
within a coherent THz pulse. Currently, a host of wire-grid
structures composed of uniformly spaced metal wires are
employed as polarizers and filters for THz applications.
Although these exhibit high extinction coefficients at THz
wavelengths (>25 dB), they have drawbacks of fragility and a
structurally tuned architecture that is not extendable to
broadband THz operation. Conventional THz polarizers are
made by mechanically winding thin metallic strings, such as
tungsten wires, on rigid frames under physical tension. Such
widely used and commercially available THz polarizers are
typically free-standing, with function efficiencies highly reliant
on wire spacing constants.6,7

Here, we introduce a thin-film (<10 μm) homogeneous
material composed of single-walled carbon nanotubes
(SWCNTs) that gives comparable performance to wire-grid
technology but has added benefits of (i) broadband THz
absorption driven by the inherent one-dimensional (1-D)
character of the SWCNTs and (ii) mechanical robustness in
diverse operation conditions. In comparison to wire-grid
technology, the THz performance of our material is driven
not by the precise structure of the conductive wires but rather
the inherent anisotropic THz absorption properties of aligned
SWCNTs. Although carbon nanomaterials (SWCNTs and
graphene) are predicted to be excellent THz materials,8−10

previous THz measurements of SWCNTs were performed
either on individual SWCNTs or on collective materials not
ideally suited for this application. Recently, we demonstrated a
collective SWCNT material that behaves as a THz polarizer,
with an 80% degree of polarization (DOP) and extinction ratio
(ER) of 10 dBproperties below industrial standards due to
the nonideal extinction characteristics of the films.11 More
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ABSTRACT: Terahertz (THz) technologies are promising
for diverse areas such as medicine, bioengineering, astronomy,
environmental monitoring, and communications. However,
despite decades of worldwide efforts, the THz region of the
electromagnetic spectrum still continues to be elusive for solid
state technology. Here, we report on the development of a
powerless, compact, broadband, flexible, large-area, and
polarization-sensitive carbon nanotube THz detector that
works at room temperature. The detector is sensitive
throughout the entire range of the THz technology gap,
with responsivities as high as ∼2.5 V/W and polarization ratios
as high as ∼5:1. Complete thermoelectric and opto-thermal
characterization together unambiguously reveal the photothermoelectric origin of the THz photosignal, triggered by plasmonic
absorption and collective antenna effects, and suggest that judicious design of thermal management and quantum engineering of
Seebeck coefficients will lead to further enhancement of device performance.
KEYWORDS: Carbon nanotubes, THz photodetector, broadband, polarization sensitive

Recently, carbon-based nanomaterialscarbon nanotubes
(CNTs) and graphenehave emerged as extraordinary

low-dimensional systems with a variety of outstanding
electronic and photonic properties,1−7 including those ideally
suited for terahertz (THz) devices.8−12 Carbon nanotubes
(CNTs) have an extraordinary ability to absorb electromagnetic
waves in an ultrawide spectral range, from nearly DC to the
ultraviolet, through both intraband (free carrier) absorption
and interband (excitonic) absorption processes.7,10,13,14 An
ensemble of single-wall CNTs with mixed chiralities can thus
absorb electromagnetic radiation essentially at any frequency in
the entire electromagnetic spectrum, a property also shared by
graphene.15−17 This ultrabroadband property of these materials,
combined with high-mobility carriers, promise high-speed and
broadband photodetectors as well as high-efficiency solar
cells.4−6

THz detectors are required for a wide range of applications
in astronomy, sensing, spectroscopy, imaging, defense, and
communications.18−20 Current THz detectors are mostly
cryogenic, narrow-band, or bulky, and thus, entirely novel

approaches or materials systems are being sought for detecting
THz radiation. THz detection has been reported by using
antenna-coupled, bundled21 and individual22 metallic single-
wall CNTs at low temperatures, while THz-frequency
electronic transport phenomena in single-tube devices have
also been investigated.23,24 In parallel, graphene THz detectors
have recently been fabricated and shown to possess promising
properties,25,26 but much like the above CNT devices, these
small-area devices require coupling of the THz radiation with
antennas. Furthermore, none of the existing approaches have
demonstrated intrinsic polarization sensitivity due to the
absorbing material. As described below, we have developed a
powerless, compact, broadband, flexible, large-area, and polar-
ization-sensitive CNT THz detector, which works at room
temperature.
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Plasmonic Nature of the Terahertz Conductivity Peak in Single-Wall
Carbon Nanotubes
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ABSTRACT: Plasmon resonance is expected to occur in metallic and
doped semiconducting carbon nanotubes in the terahertz frequency
range, but its convincing identification has so far been elusive. The
origin of the terahertz conductivity peak commonly observed for
carbon nanotube ensembles remains controversial. Here we present
results of optical, terahertz, and direct current (DC) transport
measurements on highly enriched metallic and semiconducting
nanotube films. A broad and strong terahertz conductivity peak
appears in both types of films, whose behaviors are consistent with the
plasmon resonance explanation, firmly ruling out other alternative
explanations such as absorption due to curvature-induced gaps.
KEYWORDS: Single-wall carbon nanotubes, terahertz, plasmon resonance, density gradient ultracentrifugation

Understanding the dynamic and plasmonic properties of
charge carriers in single-wall carbon nanotubes

(SWCNTs) is crucial for emerging applications of SWCNT-
based ultrafast electronics and optoelectronics devices,1,2

especially in the terahertz (THz) range.3,4 SWCNTs with
different chiralities exhibit either semiconducting or metallic
properties, providing great flexibility for a variety of THz and
plasmonic applications, including sources,5−7 detectors,3,5

antennas,8,9 and polarizers.10−12 A pronounced, finite-frequency
peak in THz conductivity spectra has been universally observed
in diverse types of SWCNT samples, containing both
semiconducting and metallic nanotubes.13−26 Two interpreta-
tions have emerged regarding the THz peak, but there is no
consensus about its origin. One of the possible mechanisms
proposed by many authors14,20−22,24 is based on interband
absorption across the curvature-induced bandgap27,28 in
nonarmchair metallic SWCNTs, while the other is the plasmon
resonance in metallic and doped semiconducting SWCNTs due
to their finite lengths.16,19,23,25,29 Hence, spectroscopic studies
of type-sorted SWCNT samples are crucial for determining
which of the two working hypotheses is correct.
In the first scenario, direct interband absorption occurs

across the narrow bandgap27,28,30 induced by lattice distortion
in the rolled-up graphene sheet in nonarmchair metallic
SWCNTs. The magnitude of the induced bandgap is given
by28 Eg

ind = (3γ0aC−C
2 )/(4dt

2) cos 3α, where aC−C = 0.142 nm is
the interatomic distance in graphene, dt is the nanotube
diameter, γ0 ∼ 3.2 eV is the tight-binding transfer integral, and
α is the chiral angle. For a SWCNT with dt ∼ 1.5 nm and α ∼
0, Eg

ind ∼ 20 meV.31 If this scenario is correct, the THz peak
should (1) appear only in nonarmchair (α ≠ 30°) metallic
SWCNTs, (2) show a sensitive dependence on dt,

24 (3) be

suppressed by doping or optical pumping,22 have a strong (4)
temperature dependence and (5) polarization dependence. It is
also important to note that no detailed theory exists for
predicting the line shape for interband absorption in nonarm-
chair metallic SWCNTs including excitonic effects.32,33

In the second scenario, THz radiation incident onto a finite-
length metallic or doped semiconducting SWCNT launches
collective charge oscillations (plasmons) along the nanotube
axis with a frequency given by the charge density and nanotube
length. The expected experimental signatures of this process
are: (1) the THz peak should be observable both in metallic
and doped semiconducting nanotubes; (2) the frequency of the
THz peak should systematically depend on the nanotube length
in a predictable manner;25,29 (3) the THz peak intensity should
be enhanced by doping in semiconducting SWCNTs; (4) there
should be weak temperature dependence;14 and (5) there
should be strong polarization dependence, with no resonance
expected for polarization perpendicular to the nanotube axis.
To systematically prove or disprove these scenarios,

broadband spectroscopic studies on well-separated semi-
conducting and metallic SWCNT samples are necessary.34 In
particular, in order to correctly interpret THz spectra, it is
important to monitor interband transitions in the near-infrared
(NIR), visible (vis), and ultraviolet (UV). Hence, we performed
absorption spectroscopy studies from the THz to the UV as
well as DC transport measurements on highly enriched
semiconducting and metallic SWCNT films. We clearly
observed a broad and pronounced THz peak in both types of
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Terahertz and Infrared Spectroscopy of Gated Large-Area Graphene
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ABSTRACT: We have fabricated a centimeter-size single-
layer graphene device with a gate electrode, which can
modulate the transmission of terahertz and infrared waves.
Using time-domain terahertz spectroscopy and Fourier-
transform infrared spectroscopy in a wide frequency range
(10−10 000 cm−1), we measured the dynamic conductivity
change induced by electrical gating and thermal annealing.
Both methods were able to effectively tune the Fermi energy,
EF, which in turn modified the Drude-like intraband
absorption in the terahertz as well as the “2EF onset” for interband absorption in the mid-infrared. These results not only
provide fundamental insight into the electromagnetic response of Dirac fermions in graphene but also demonstrate the key
functionalities of large-area graphene devices that are desired for components in terahertz and infrared optoelectronics.
KEYWORDS: Graphene, Fermi level, terahertz dynamics, infrared spectroscopy

The ac dynamics of Dirac fermions in graphene have
attracted much recent attention. The influence of linear

dispersions, two-dimensionality, electron−electron interactions,
and disorder on the dynamic conductivity, σ(ω), has been
theoretically investigated,1−11 whereas unique terahertz (THz)
and mid-infrared (MIR) properties have been identified for
novel optoelectronic applications.12−17 For example, it has been
predicted that the response of Dirac fermions to an applied ac
electric field of frequency ω would automatically contain all odd
harmonics of (2n + 1)ω, where n is an integer, implying
extremely high nonlinearity.13,14 Furthermore, creation of
electrons and holes through interband optical pumping is
expected to lead to population inversion near the Dirac point,
resulting in negative σ(ω), or gain, in the THz to MIR
range;12,17 photoinduced femtosecond population inversion has
recently been observed in the near-infrared range.18 While
initial experimental investigations on graphene have concen-
trated on dc characteristics, these recent theoretical studies have
instigated a flurry of new experimental activities to uncover
unusual ac properties. A number of experiments have already
confirmed the so-called universal optical conductivity σ0 = e2/
4ℏ (e, electronic charge and ℏ, reduced Planck constant) for
interband transitions in a wide spectral range.19−22 On the
other hand, experimental studies of the intraband conductivity
have been limited,22−27 except for successful cyclotron
resonance measurements to probe Landau levels in magnetic
fields (for a review, see, e.g., ref 28.).

Intraband absorption is expected to increase as the Fermi
energy, EF, moves away from the Dirac point in either direction
(p-type or n-type). On the other hand, interband absorption is
possible only when the photon energy is larger than 2EF (if the
temperature, T, is zero).1 Thus, spectroscopic studies with a
tunable carrier concentration should provide a precise
determination of the location of the Fermi level, while at the
same time the capability of tuning the type and concentrations
of charge carriers in graphene is desired for many electronic and
optoelectronic applications. Substitution of carbon atoms in
graphene by nitrogen and boron has been attempted, but this
dramatically decreases the mobility by breaking its lattice
structure; physically adsorbed molecules can also dope
graphene, but this is not a very controllable method. Therefore,
applying a controllable gate voltage to graphene to transfer
carriers from a doped silicon substrate is the most commonly
employed method for tuning EF. By utilizing applied gate
voltages, different groups have observed tunable interband
optical transitions,21,29 tunable intraband far-IR conductiv-
ity,23,26,27 and a systematic G-band change with gate voltage in
Raman spectra.30,31

Here, we describe our THz and MIR spectroscopy study of
large-area (centimeter scale), single-layer graphene with an
electrically tunable Fermi level. In a field-effect transistor
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Excitation and Active Control of Propagating Surface Plasmon
Polaritons in Graphene
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ABSTRACT: We demonstrate the excitation and gate control
of highly confined surface plasmon polaritons propagating
through monolayer graphene using a silicon diffractive grating.
The normal-incidence infrared transmission spectra exhibit
pronounced dips due to guided-wave resonances, whose
frequencies can be tuned over a range of ∼80 cm−1 by
applying a gate voltage. This novel structure provides a way to
excite and actively control plasmonic waves in graphene and is
thus an important building block of graphene plasmonic
systems.
KEYWORDS: Active plasmonics, graphene surface plasmon polaritons, infrared optoelectronics, nanophotonics

The unique electronic properties of graphene1−3 make it a
promising platform to build highly integrated active

plasmonic devices4−7 and systems for a wide wavelength range
from near-infrared to terahertz (THz),8−17 which enable
manipulation and control of light confined in deeply
subwavelength structures. Existing metal-based active plas-
monic devices have either slow speeds18 or very limited
tunability,4,19 and plasmonic devices based on a 2D electron gas
in semiconductors20 have been demonstrated only at cryogenic
temperatures. In contrast, graphene has been shown to support
surface plasmon polaritons (SPPs) with stronger mode
confinement and lower propagation loss in the mid-infrared
region due to its large carrier mobility at room temper-
ature.9,21,22 The carrier density in graphene can be electrically
adjusted dramatically with a small bias voltage applied to a field-
effect transistor (FET), which can achieve tuning times below a
nanosecond.23 This unique combination makes graphene a
promising material for electrically tunable active plasmonic
devices.
The key challenge is to efficiently excite SPPs in graphene

with an incident electromagnetic wave, given the large
wavevector mismatch between the two waves. Recent studies
demonstrated near-field excitations and observation of
propagating SPPs in graphene using near-field microscopy
with nanotips.21,22 This type of excitation has a low efficiency as
only a very small percentage of incident photons can be
converted to SPPs. In this paper, we experimentally
demonstrate the excitation of SPPs in graphene using a silicon
grating, where SPP is excited by a normal-incident free-space
infrared wave through the guided-wave resonance (GWR).24−26

Besides assisting the optical excitations, the silicon grating also
acts as a gate electrode to tune the resonance frequency of the
device over a broad spectral range.

Results. To excite SPPs in graphene with a free-space
infrared beam, their large difference in wavevector has to be
overcome. Optical gratings are widely used to compensate for
wavevector mismatches.20,27,28 Here we use a silicon diffractive
grating underneath the graphene layer, as shown in Figure 1a,
to facilitate the excitation. By compensating for the wavevector
mismatch, a highly confined propagating SPP in graphene layer
is excited by a normal-incidence free-space light beam through
GWR.24,25

Assuming that the conductivity of graphene follows the
Drude model,9,29,30 the dispersion relationship of the trans-
verse-magnetic (TM) mode SPP31 in a continuous monolayer
of graphene is approximately given by9

β ω
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where β(ω) is the in-plane wavevector of the SPP, ℏ is the
reduced Planck constant, ε0 is the vacuum permittivity, εr1 and
εr2 are the dielectric constants of the materials above and below
the graphene film, τ is the carrier scattering time, Ef =
ℏvf(πn)

1/2 is the Fermi energy measured from the Dirac point,
n is the sheet carrier density, and vf ≈ 106 m/s is the Fermi
velocity in graphene. The carrier scattering time τ determines
the carrier mobility μ in graphene as τ = μEf/evf

2. The major
component of the electric field of the SPP aligns with the wave
propagation direction.
To compensate for the wavevector difference between the

graphene SPPs and a free-space wave incident at an angle θ, the
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Enhanced by Extraordinary Transmission through Ring Apertures
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ABSTRACT: Gate-controllable transmission of terahertz
(THz) radiation makes graphene a promising material for
making high-speed THz wave modulators. However, to date,
graphene-based THz modulators have exhibited only small
on/off ratios due to small THz absorption in single-layer
graphene. Here we demonstrate a ∼50% amplitude modu-
lation of THz waves with gated single-layer graphene by the
use of extraordinary transmission through metallic ring
apertures placed right above the graphene layer. The
extraordinary transmission induced ∼7 times near-filed
enhancement of THz absorption in graphene. These results
promise complementary metal−oxide−semiconductor compatible THz modulators with tailored operation frequencies, large on/
off ratios, and high speeds, ideal for applications in THz communications, imaging, and sensing.
KEYWORDS: Graphene photonics, THz modulator, extraordinary optical transmission, near-field enhancement, high on/off ratio

The unique properties of graphene have stimulated world-
wide interest in developing novel devices for electronics,

photonics, and optoelectronics.1−3 In particular, gate-control-
lable electronic properties of graphene are expected to lead to a
diverse range of devices,4 including ultrafast photodetectors,5,6

transparent electrodes,7 optical modulators,8 active plasmonic
devices,9,10 and ultrafast lasers.11 In the terahertz (THz)
frequency region, electrically controllable Drude-like intraband
absorption makes graphene a promising platform for building
active, graphene-based optoelectronic devices12−15 such as THz
modulators. Compared to THz modulations demonstrated with
free carriers in conventional semiconductor materials16−21 and
two-dimensional electron gases in quantum-well structures,22,23

graphene-based devices have higher carrier mobilities at room
temperature with an electrically tunable carrier density.
Despite the broadly tunable carrier density, the extinction ratio

that can be obtained for THz wave modulations with single-layer
graphene (SLG) is limited due to its one-atomic-layer thickness
and the nonresonant nature of the intraband absorption in the
THz region. Recently, efforts to enhance the SLG absorption in
the THz region have been reported, including exciting plasmonic
resonances in graphene,9 integrating graphene with photonic
cavities,13,14 and integrating graphene with metamaterials.15,24

However, no devices demonstrated to date have a combination
of a large modulation depth, a high speed, and a designable
resonance frequency, which we report in this paper.
The extraordinary optical transmission (EOT) effect18−21 of

subwavelength apertures in a metallic film has been used to
enhance THz absorption in various materials such as vanadium
dioxide (VO2).

18,20,21 In particular, we previously showed that

ring-shaped apertures have a strong polarization-insensitive EOT
effect, which allowed us to achieve THz transmission suppression
by 18 dB with a thin layer of carriers in a silicon substrate
underneath the apertures.25 Here, we use ring-shaped apertures
in a metallic film to enhance the extinction ratio of a graphene-
based THz modulator. We show that apertures resonating at
∼0.44 THz enhance the intraband absorption in SLG under-
neath the apertures by ∼675%, which leads to a modulation
depth of ∼50% when the carrier density in SLG is tuned using a
back-gating scheme. The modulator has a transmission peak with
a bandwidth of ∼0.25 THz, which can suppress any off-
resonance background signals. By scaling the circumference of
the apertures, the operation frequency can be tuned for different
applications. In addition, the small gated area and high
conductivity of graphene makes high speed and low-energy
consumption possible since the aperture-to-area ratio (the ratio
of the aperture area to the total metal area) of the EOT structure
is only ∼1%, and the graphene layer only needs to be present in
the area underneath the apertures. These results suggest that
complementary metal−oxide−semiconductor (CMOS) com-
patible THz modulators with tailored operation frequencies,
large on/off ratios, and high speeds can be built, which will find a
diverse range of applications, including THz communications,
imaging, and sensing.26,27

Results. The graphene-based THz modulator structure is
schematically shown in Figure 1a and b. The EOT THz

Received: November 6, 2013
Revised: February 2, 2014
Published: February 3, 2014

Letter

pubs.acs.org/NanoLett

© 2014 American Chemical Society 1242 dx.doi.org/10.1021/nl4041274 | Nano Lett. 2014, 14, 1242−1248

Speaker: Junichiro Kono
Session: Optics of graphene and 2D materials beyond graphene
Schedule: Monday evening invited session

PQE-2015 182
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Nanocrystals exhibiting localized surface plasmon resonances exhibit remarkable 
optical properties, making them attractive for a variety of applications such as biosensing 
and photovoltaics. In contrast to noble metal nanocrystals, the plasmon resonance of de-
generately doped semiconductor nanocrystals can be directly tuned by adjusting the dop-
ing level. Doping through vacancies is often easily or even unintentionally achieved for 
certain compound semiconductors either during the synthesis or through post-synthesis 
oxidation. However, the substitutional doping of nanocrystals has presented a significant 
challenge both for liquid and gas phase synthesis due to effects such as self-purification, 
which lead to a segregation of dopant atoms at the nanocrystal surfaces.  

 
In this presentation, we discuss the substitutional doping of silicon nanocrystals 

with boron and phosphorous using a nonthermal plasma technique. In the nonthermal 
plasma a silicon precursor such as silane and dopant precursors such as diborane and 
phosphine are dissociated through impact of energetic plasma electrons, leading to the 
formation of doped silicon nanocrystals through chemical clustering in the gas phase. The 
doping of the silicon nanocrystals is studied through surface analytical approaches and 
the plasmonic response of the nanocrystals. While the synthesis approach of boron and 
phosphorous doped nanocrystals is identical, the activation behavior of these two dopants 
is found to be dramatically different. Phosphorus-doped NCs exhibit a plasmon resonance 
immediately after synthesis, while boron-doped NCs require post-synthesis annealing or 
oxidation treatment. We discuss the effect of the post-synthesis treatments on the nano-
crystal’s plasmonic properties. In addition, we propose a model that describes the dopant 
position and dynamics during synthesis and post-synthesis treatments. 

 
This work was supported in part by the Army Office of Research under MURI 

grant W911NF-12-1-0407. 
 

Speaker: Uwe Kortshagen
Session: Quantum nanomaterials and their applications
Schedule: Tuesday Morning Invited Session 1

PQE-2015 183



Quantum Effects in Biology 

 

Leonid A. Krivitsky  

 

Data Storage Institute, A-STAR, Singapore 

 

The ability to control light at a quantum level can be extremely useful in 

addressing biological problems. Interfacing biological objects with non-

classical (quantum) light allows to enhance the precision of biological 

measurements, fosters the development of more precise models of biological 

processes, and allows us to reveal the possible role of quantum effects in 

neurobiology and perception.  

Rod cells of the retina are natural photodetectors, and they are perfect 

candidates for studies of biological interfaces with quantum light. Rod cells 

convert incident light into electrical currents, which are then sent to the 

brain via the optics nerve. They are responsive at the discrete photon level, 

and highly-sensitive techniques for the readout of their electrical response 

are readily available.  

We interface rod cells with light sources of different photon statistics 

[1, 2]. We show that similar to commercially available photodetectors, used 

for quantum optics and quantum communication, rod cells are able to 

discriminate between thermal and coherent light [1]. We also interface rod 

cells with a heralded single photon source, realized using the parametric 

down conversion [2].  This approach allows us (1) to demonstrate single 

photon sensitivity of rod cells without relying on statistical modeling (2) to 

measure their quantum efficiency without pre-calibrated devices, and (3) to 

assess the intrinsic noise of bio-chemical mechanisms of the 

phototransduction without the interference from multiphoton events. The 

results are relevant to ongoing studies of manifestation of quantum effects 

in phototransduction, vision, and photosynthesis. 

 

 

 
[1] N. Sim et al., Measurement of Photon Statistics with Live Photoreceptor Cells, 
Phys. Rev. Lett. 109, 113601 (2012) (Editor’s suggestion). 

[2] N. M. Phan et al., Interaction of Fixed Number of Photons with Retinal Rod Cells 
Phys. Rev. Lett. 112, 213601 (2014) (Editor’s suggestion). 
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Quantum	  Refractometer	  
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Author	  e-‐mail	  address:	  Leonid_Krivitskiy@dsi.a-‐star.edu.sg	  

	  

Abstract:	  We	   exploit	   the	   first-‐order	   interference	   of	   two	   frequency	   non-‐degenerate	   Parametric	   Down	  
Conversion	   (PDC)	   sources	   to	   observe	   resonant	   absorption	   of	   CO2	   gas.	   Frequency	   correlations	   of	   PDC	  
modes	   allow	   the	   detection	   of	   resonant	   absorption	   and	   dispersion	   of	   the	   infra-‐red	   (IR)	   mode	   from	  
interference	  patterns	  of	  visible	   light.	  This	  work	  demonstrates	   the	  determination	  of	   real	  and	   imaginary	  
parts	   of	   the	   refractive	   index	   for	   IR	   wavelengths	   with	   conventional	   visible	   range	   optics	   and	  
photodetectors.	  	  
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SPO ASSISTED ELECTRON PAIRING, MEISSNER EFFECT AND MAGNETO-OPTICAL                                                                                                                          

ANOMALY IN GOLD FILMS AT ROOM TEMPERATURE 

Norbert Kroo 

Wigner Physics Research Center, Hungarian Academy of Sciences 

 

Abstract 

 Surface plasmons (SPO) were excited in gold films by high intensity femtosecond 

Ti:Sa laser pulses in the Kretschmann geometry.                     The properties of the 

near field of these SPO-s were studied by an STM and by multiplasmon electron 

emission with a time-of-flight (TOF) spectrometer. In the former case the width 

of the STM signal was laser intensity dependent, peaking around 80 GW/cm2. In 

the  latter case the TOF spectrum has a high energy peak,showing similar laser 

intensity dependence as the width of the STM signal. Both sets of experiments 

indicated the existence of electron pairing in an about 40GW/cm2 laser intensity 

range around 80GW/cm2 [1]. 

In order to have further proofs of the suspected existence of superconductivity in 

the gold film, TOF experiments were carried out at different  planes of 

polarization of the exciting laser light. In the different from p-polarization cases 

the magnetic field of the EM radiation has a vertical to the Au film  component. It 

was found, that in the laser intensity range of electron pairing this magnetic field 

has minimal effect on the intensity of the high energy peak in the TOF spectrum 

of emitted electrons. Outside this intensity range, however, the magnetic field 

has a striking effect. This observation can be interpreted as the result of the 

Meissner effect in this laser intensity range. It has also been found, that the 

clockwise magneto-optical  angular shift of the observed intensity and position of 

this high energy peak has a high value outside the electron pairing laser intensity 

range but practically disappears inside it. 

 From these latter observations and the previous ones of [1] we have concluded, 

that in the given laser intensity range the gold film turnes into the 

superconductiv phase. 

 

[1] Europhys. Lett. 105, (2014) 67003 
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Session: Nano structures and photonics
Schedule: Thursday afternoon invited session

PQE-2015 186



Nonlinear optics in axially-varying optical fibers 
 

Alexandre Kudlinski, Matteo Conforti and Arnaud Mussot  
Université Lille 1, Laboratoire PhLAM, IRCICA, 59655 Villeneuve d'Ascq, France  

alexandre.kudlinski@univ-lille1.fr 
 

In fiber optics, the modulation instability (MI) process results from an interplay between linear and nonlinear effects1. It usually 
manifests itself with a pump wavelength in the anomalous group-velocity dispersion (GVD) region by the growth of two 
fundamental side lobes whose frequencies depend on both fiber properties and pump power. It can also been observed in the 
normal GVD regime through a higher-order dispersion phase-matching process1. Otherwise, an additional degree of freedom is 
required to satisfy to the phase-matching condition. It was demonstrated analytically that dispersion management can play this 
role2,3 and that characteristics of these new spectral components directly depends on the longitudinal periodicity of the 
dispersion. As a proof of concept, we report the first experimental demonstration of this phenomenon in an optical fiber (see 
the following Refs for details4,5).  

We fabricated a photonic crystal fiber (PCF) which has 
been designed so that its GVD is periodically modulated 
along the fiber length. This can be done by periodically 
varying the fiber outer diameter during the fiber draw. 
Figure 1-(a) shows the evolution of this parameter as a 
function of fiber length measured during the drawing 
process. It has a sine shape with modulation period Z of 10 
m. The modulation amplitude corresponds to ±7 % of the 
average fiber diameter (117 µm) and the fiber length is 
power (PP) as well as the pump wavelengths were carefully 
adjusted in order to obtain the largest number of unstable 
frequencies at the fiber output. By choosing λp=1072 nm 
and PP =20 W, a structured spectrum composed of 10 
spectral components on both sides of the pump is 
observed and represented in Figure 1-(b). All these 
observations have been validated by numerically 
integrating the generalized nonlinear Schrödinger 

equation (including the stimulated Raman scattering and linear fiber losses). Figure 1-(b) shows the resulting numerical 
spectrum (black line) which is in very good agreement with the experimental one (blue dotted line). These frequencies are not 
harmonics and do not originate from usual cascaded wave-mixing between the fundamental modes and the pump.  
 
These first results constitute a proof of concept over which we based our investigations to go deeper into the understanding of 
this phenomenon and to enlarge the fields of investigations related to these fibers. As it will be presented during the 
conference, we investigated the role played by the fourth order dispersion term6, or the correlation in energy between these 
side lobes7. We also show that including these fibers in a fiber ring cavity provides an original experimental platform of 
investigations in nonlinear dynamics8. Finally, we truly believe that this new family of waveguides allows a large variety of 
investigations ranging from fundamental investigations to applied ones.   
 
1. Agrawal, G. Nonlinear Fiber Optics, Third Edition. (Academic Press, 2001). 
2. Matera, F. , M. Sideband instability induced by periodic power variation in long-distance fiber links. Opt. Lett. 18, 1499–1501 (1993). 
3. Armaroli, A. & Biancalana, F. Tunable modulational instability sidebands via parametric resonance in periodically tapered optical fibers. 

Opt. Express 20, 25096–25110 (2012). 
4. Droques, M., Kudlinski, A., Bouwmans, G., Martinelli, G. & Mussot, A. Experimental demonstration of modulation instability in an optical 

fiber   with a periodic dispersion landscape. Opt. Lett. 37, 4832–4834 (2012). 
5. Droques, M., Kudlinski, A., Bouwmans, G., Martinelli, G. & Mussot, A. Dynamics of the modulation instability spectrum in optical fibers 

with oscillating dispersion. Phys. Rev. A 87, 013813 (2013). 
6. Droques, M. et al. Fourth-order dispersion mediated modulation instability in dispersion oscillating fibers. Opt. Lett. 38, 3464–3467 (2013). 
7. Wang, X. et al. Correlation between multiple modulation instability side lobes in dispersion oscillating fiber. Opt. Lett. 39, 1881–1884 

(2014). 
8. Conforti, M., Mussot, A., Kudlinski, A. & Trillo, S. Modulational instability in dispersion oscillating fiber ring cavities. Opt. Lett. 39, 4200–

4203 (2014). 

Figure 1: (a) Outer diameter versus fiber length. (b) Output spectra 
from experiments (blue dashed line) and simulations (solid black line) 
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Plasmon-induced hot carriers in metallic nanoparticles 
A. Manjavacas

1
, J. G. Liu

1
, V. Kulkarni

1
, and P. Nordlander
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1
 Department of Physics and Astronomy and Laboratory for Nanophotonics, Rice University, 

Houston, Texas 77005, USA 

 

vikram.v.kulkarni@rice.edu 

 
Plasmon-induced hot carriers are attracting an increasing research interest due to their enormous potential 

applications to photocatalysis, photodetection and solar energy harvesting. However, despite the 

enormous experimental effort, a complete theoretical characterization of the hot carrier generation process 

is still missing. In this work [1] we analyze the properties of plasmon-induced hot carriers in silver 

nanoparticles and nanoshells. To accomplish this task we develop a simple model in which the conduction 

electrons of the metal are described as free particles in a finite spherical potential well, and the plasmon-

induced dynamics is obtained through Fermi’s golden rule. We explicitly confirm that the inclusion of 

many-body interactions has a minor impact in the results. Using the developed model we show that the 

rate of hot carrier generation closely follows the plasmonic spectral profile. Furthermore, our analysis 

reveals that the particle size and the hot carrier lifetime play a central role in determining the production 

rate and the energies of the generated hot carriers. In particular, larger sizes and shorter lifetimes result in 

higher production rates but smaller energies, and vice versa. We characterize the efficiency of the hot 

carrier generation process introducing a figure of merit that measures the number of high energy carriers 

generated per plasmon. We analyze, as well, the spatial distribution and directionality of these excitations. 

The results presented here contribute to the basic understanding of plasmon-induced hot carrier 

generation thus providing a solid background for this emerging field. 
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Fig. 1: (a) Schematic representation of the system under study. (b) Number of hot electrons generated per 

unit of time and volume as a function of the frequency of the external illumination, for different 

particle diameters. The intensity of the external illumination is 1mWμm
−2

. (c) Normalized 

absorption for the silver nanoparticle calculated in the quasi-static limit. 

 

[1] A. Manjavacas, J. G. Liu, V. Kulkarni and P. Nordlander, ACS Nano 8, 7630-7638 (2014).  
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Detection of Plant Stress using Laser-Induced Breakdown 

Spectroscopy 

Jeremy N. Kunz,1 Dmitri V. Voronine,1,2 Sean Carver,2 Alexei V. Sokolov,1,2 and 

Marlan O. Scully1,2,3 

1Baylor University, 2Texas A&M University, 3Princeton University 

ABSTRACT 

Plant stress can be caused by many factors including drought, pollution, and 

microbial infestations; to name a few.  Because many of these issues can affect 

agricultural crop yield, we use focused femtosecond laser pulses to perform laser-

induced breakdown spectroscopy (LIBS) on plant materials in order to detect the 

effects of stress on Wheat and Gardenia plants.   LIBS has the advantage of being 

simple in its setup making it an ideal candidate for performing plant stress 

detection in the field. 

 

Figure: LIBS spectra of fresh (blue) and dried (orange) Gardenia leafs. 
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Quantum Heat Machines: How Does Quantumness Help?

Gershon Kurizki,
Weizmann Institute of Science, Rehovot 76100, Israel

I will discuss the governing principles of heat machines that operate at micro-/nano-scales, where 
quantumness is essential for understanding their functioning. I will address the core issues
pertaining to the operation of such machines: (1) what are the bounds on the efficiency and power
of quantum heat engines (QHE)? (2) what are the limits on the minimal temperature attainable by 
quantum refrigerators (QR)? To resolve these issues, I will invoke the following tools: (i) bath 
engineering, centered on thermalization control, which may be exploited as a resource in QHE
and QR; (ii) analysis of the quantum-enhanced performance of simple heat machines, based 
on a single-qubit or single-qutrit, that may benefit from extra resources provided by the quantum-
state preparation of the piston, the system and the baths; (iii) analysis of the quantum limit on
cooling speed by QR at low temperatures and its compliance with the Third Law. These tools
reveal the role of quantum resources that may be used to build advantageous, novel heat machines
based on ultracold-atom/ion traps, NV-center spin-ensembles and nanomechanical 
platforms. The envisaged advancement along this path is important for overcoming obstacles to 
nanotechnological progress.
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Measuring large-scale quantum states with non-Hermitian

operators

Eliot Bolduc,1 Genevieve Gariepy,1 and Jonathan Leach1

1 Institute of Physics and Quantum Science, SUPA, Heriot-Watt University, Edinburgh, UK

In 2011, Lundeen et al. reported on the direct measurement of the quantum wave function through the

use of weak measurement [1]. Their method for characterizing quantum states was a real breakthrough since

it directly yields a physically allowed state vector, thus removing the requirement for complicated post-

measurement processing such as maximum likelihood estimation. Here, we report on the direct measurement

of a very high-dimensional entangled state vector. We develop a novel quantum state estimation method

using only strong measurements. The crux of our scheme lies in the fact that a single column of the density

matrix contains all the necessary information to retrieve a pure state. Crucially, our method readily applies

to many-body systems. We discuss two applications: the optimization of the secure information content

of entangled photon pairs through the Schmidt decomposition and the violation of high-dimensional Bell

inequalities.
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Fig. 1. We measure the state vector of photon pairs generated through spontaneous parametric downcon-

version. The photons are spatially entangled, and we consider a state space of about 1,000,000-dimensional

in a Laguerre-Gaussian (LG) basis where the orbital angular momentum degree of freedom ` ranges from

−15 to 15 and the radial degree of freedom p ranges from 0 to 32. The two-photon state is given by

|Ψ〉 =
∑15

`1,`2=−15

∑32
p1,p2=0 c`1,`1,p1,p2

|`1, `2, p1, p2〉, where c`1,`2,p1,p2
are the sought state vector elements.

As will be seen in the talk, the phase is illustrated with the color wheel.

References

1. J S Lundeen, B Sutherland, A Patel, C Stewart, and C Bamber. Direct measurement of the quantum

wavefunction. Nature, 474(7350):188–191, 2011.
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Optical Torque from Enhanced Scattering 

by Multipolar Plasmonic Resonance 
 

Yoonkyung E. Lee1, Kin Hung Fung1,2, Dafei Jin1, Nicholas X. Fang1 

1Department of Mechanical Engineering, MIT, Cambridge, MA 02139, USA 

2Department of Applied Physics, the Hong Kong Polytechnic University, Hong Kong 

 

Light can exert force and torque on particles because electromagnetic field carries momentum and 

angular momentum. Optical excitation has been one of the most useful methods to control particle 

dynamics on the nanoscale, following the invention 

of the laser.  

Optical torque is produced when a mismatch in the 

angular momentum carried by the incident and the 

scattered field is balanced by the mechanical rotation 

of the particle to conserve total angular momentum. 

Various setups are known to be capable of providing 

this angular momentum mismatch, such as when the 

particle absorbs light, illustrated by the red rotating arrows in Figure 1, or when it changes the 

azimuthal distribution of the field through birefringence or structural chirality. On the other hand, 

the blue rotating arrows in Figure 1 represents the torque by resonant scattering. [1]  

In this talk, we present the numerical results to 

demonstrate that torque can be dominantly 

produced by light scattering at multipolar 

plasmonic resonance. Scattering can produce 

up to 80% of the total torque on a resonant gold 

nanoparticles, and this torque is extremely 

mode-specific as shown in Figure 2. Our 

findings suggest that a modified current 

distribution on a plasmonic surface can lead to 

a mechanical torque, without the introduction 

of birefringence or chirality. Major governing 

factors that determine the quality of the 

redistribution of angular momentum will be 

discussed in further detail. 

 

[1] Y. E. Lee, K. H. Fung, D. Jin, and N. X. Fang, “Optical torque from enhanced scattering by multipolar 

plasmonic resonance,” Nanophotonics, DOI 10.1515/nanoph-2014-0005, Published online 2014-08-20 

Figure 1. Optical torque produced by 
absorption (Mabs) vs. by scattering (Msca) 

Figure 2. Torque spectra and field profiles at two 
multipolar modes (m’) for a gold triangle with edge 
length 400nm.  
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Towards a quantum interface between electricity and light 

K. W. Lehnert1 , C. A. Regal1, R. W. Simmonds2, R. W. Andrews1, R. W. 
Peterson1, T. P. Purdy1, K. Cicak2,  

1JILA: University of Colorado and NIST, Boulder, Colorado, USA 
2NIST, Boulder, Colorado, USA 

 

A communication network capable of sharing quantum information among its nodes 

would have information security guaranteed by physical laws of nature. Such a quantum 

network remains an as yet unrealized ambition of quantum science and technology. In contrast 

to the technically remote quantum computer, most of the elements of a quantum network 

operate with sufficient fidelity today. Quantum information can be stored and manipulated when 

encoded in the state of a superconducting electrical circuit. Likewise the information can be 

transferred over kilometer distances and at ambient temperature when encoded as a light field 

in an optical fiber. The major challenge in realizing a quantum network is the physical 

incompatibility of the quantum technologies that operate in the electrical versus optical domain.  

In this talk, I will describe our progress towards building a transducer capable of 

converting quantum information between the electrical and optical domains. In particular, we 

are developing a device that uses a micromechanical oscillator to transfer information 

noiselessly between these domains. Although they appear humble and classical (Fig. 1), 

micromechanical oscillators can exhibit quantum behavior when their vibrations are strongly 

coupled either to optical light or to microwave electricity. In our scheme, we build oscillators 

with a single vibrational mode that is simultaneously coupled to a microwave resonant circuit 

and a high-finesse optical cavity. We have tested the classical behavior of this device in a 

cryogenic environment (4 K), showing that its conversion efficiency is about 10% and that it is 

bidirectional converting light into electricity as well as 

it converts electricity into light [1]. This bidirectional 

property is an important prerequisite for preserving a 

quantum state in the transducer as it is consistent 

with a unitary conversion process. Reaching the 

quantum regime will require that we operate the 

device at an even lower temperature (100 mK). To 

that end, we have commissioned a dilution 

refrigerator cryostat with optical access between the 

ambient and cryogenic environments.  

 

[1] Bidirectional and efficient conversion between 

microwave and optical light, R. W. Andrews, R. W. 

Peterson, T. P. Purdy, K. Cicak, R. W. Simmonds, C. A. Regal and K. W. Lehnert, Nature Phys. 

10 , 321–326 (2014). 

Figure 1: An image of the micromechanical 

oscillator. The oscillator is a SiN membrane 

suspended across 1 mm2 square hole (diamond 

region) in a silicon chip. 
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Quantum Imaging with Undetected Photons1 

Gabriela Barreto Lemos 
Institute for Quantum Optics and Quantum Information, Austrian Academy of Sciences, Austria. 

Vienna Center for Quantum Science and Technology, Austria 

 
Quantum effects have led to novel concepts that overcome classical possibilities. Of these 

interaction-free measurement and high-contrast ghost imaging have received notable attention. 
Here, we present an imaging concept that goes beyond both possibilities. Our experiment uses 
spontaneous parametric down conversion, but requires no coincidence detection. It relies on the 
indistinguishability of the possible sources of a photon that illuminates the imaged object, but 
remains undetected.  

Our technique is based on a very unusual interferometer introduced more that twenty 
years ago2.  A 532 nm laser coherently illuminates two separate down-conversion crystals. If a 
photon pair is created in the first crystal, a 1550 nm undetected photon passes the sample to be 
imaged, and its mode is made identical to that of a 1550 nm undetected photon created in the 
second crystal.  The sister 810 nm amplitudes from both crystals are combined at a beam splitter. 
When the two 810 nm amplitudes are indistinguishable, interference can be observed on a single-
photon sensitive camera. The image is revealed in the interference of the two signal amplitudes, 
which never encountered the object. The image of an absorptive object arises because the object 
acts as a detector creating position dependent “which-source” information. We also show images 
of pure phase objects that are either opaque or invisible to the detected photons.  On the other 
hand, our cameras are blind to the photons probing the object.  

We can learn rich new physics by exploring the relevant experimental parameters and 
observing the unusual and counterintuitive phenomena that make this a unique interferometric 
setup and a rich platform for the investigation of quantum optics and quantum information.  

	  
	  
	  
1	  G.B.	  Lemos,	  V.	  Borish,	  G.	  Cole,	  S.	  Ramelow,	  R.	  Lapkievicz,	  A.	  Zeilinger.	  Nature	  512,	  409	  (2014)	  
2	  	  X.	  Y.	  Zou,	  L.	  J.	  Wang,	  L.	  Mandel.	  Phys.	  Rev.	  Lett.	  67,	  318	  (1991).	  

Figure	  1.	  The	  image	  of	  a	  cardboard	  cut-‐out	  illuminated	  with	  undetected	  1550	  nm	  photons	  is	  observed	  in	  
the	  interference	  visibility	  of	  the	  810	  nm	  photons	  which	  do	  not	  interact	  with	  the	  object.	  These	  are	  the	  two	  
outputs	  of	  the	  interferometer.	  	  
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Adaptive and nonlinear optics in disordered optical fibers supporting transverse 

localization. 

Marco Leonetti1, Salman Karbasi2, Arash Mafi3, and Claudio Conti4 

1Center for Life Nano Science@Sapienza, Istituto Italiano di Tecnologia, Viale Regina Elena,291 00161 Roma, Italia 
2Department of Electrical and Computer Engineering, University of California, San Diego, La Jolla, California 92093, USA  
3Department of Physics and Astronomy and Center for High Technology Materials, University of New Mexico, Albuquerque, New Mexico 87131, 

USA 
4ISC-CNR and Department of Physics, University Sapienza, P.le Aldo Moro 5, I-00185, Roma, Italy . 

In recent years, there has been a 

considerable amount of interest 

in the direct observation of 

Anderson localization (AL) [1] 

and the trapping of waves in a 

disordered potential. In the field 

of photonics, various authors 

have reported evidence of the transition to the Anderson regime and of the interplay between localization and 

nonlinearity. The transverse localization[2] due to disorder sustains nondiffracting beams in media in which the 

refractive index is randomly modulated orthogonally to the direction of propagation. Recent experimental results 

stimulated a large body of theoretical work dealing with the role of self- focusing and defocusing in the evolution of 

the disorder induced localizations.  There is a relevant debate about the fact that nonlinearity [3] may enhance, or 

hamper, this linear trapping mechanism, and there are many open research directions, as for example, considering 

quadratic  nonlinearities.  Indeed, the interplay between disorder and a nonlinear response is expected to alter the 

commonly accepted scenario about the absence of diffusion and transport in the Anderson regime, when all of the 

states are exponentially localized. Particularly intriguing is the role of spatial nonlocality. Indeed, if disorder induces 

exponential localizations and reduces the interactions of distant modes, nonlocality (i.e., a nonlinear perturbation that 

extends far beyond the region of interaction) is expected to create some action at a distance dependent on power. In 

recent papers, we demonstrate the 

effects of  nonlinearity in disordered 

optical fibers supporting Anderson 

Localization. We notice two different 

striking phenomena: disorder induced 

self focusing [4] and mode migration[5].  

Moreover we exploit adaptive optics to 

achieve focusing in disordered optical 

fibers[6] in the Anderson regime. By 

wavefront shaping and optimization, we 

observe the generation of a propagation-

invariant beam, where light is trapped 

transversally by disorder, and show that Anderson localizations can be also excited by extended speckled beams. We 

demonstrate that disordered fibers allow a more efficient focusing action with respect to standard fibers in a way 

independent of their length, because of the propagation-invariant features and cooperative action of transverse 

localizations. 
[1]: P.W. Anderson, Phys. Rev. 109, 1492 (1958). [2]: T. Schwartz et al., Nature (London) 446, 52 (2007). [3]: L. Sapienza et al., Science 327, 1352 

(2010). [4]: M. Leonetti et al. Appl. Phys. Lett. 171102, 105, (2014). [5]: M. Leonetti et al. Phys. Rev. Lett. 193902, 112, (2014). [6]: M. Leonetti et al. 

Nat. Commun. 4534, 5, (2014).  

Figure 1: Extent of a localized mode as a function of the input power. The mode’s 
narrowing is due to the disorder induced self focusing. 

Figure 22: Modes density as a function of the position (x on the left graph and y 
on the right graph), an input power. Modes, initially sparse, start to migrate 
toward the location of maximum intensity due to nonlinearity. It is possible to 
tune the modes position with an intense control beam.  
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Impulsive rotational and vibrational sensing using femtosecond laser filamentation 

Robert J. Levis 

Center for Advanced Photonics Research, Department of Chemistry, Temple University, 
Philadelphia PA 19122 

Femtosecond laser filamentation occurs as a dynamic balance between the self-focusing and 
plasma defocusing of a laser pulse to produce ultrashort radiation as brief as a few optical 
cycles. This unique source has many properties that make it attractive as a nonlinear optical 
tool for spectroscopy, such as propagation at high intensities over extended distances, self-
shortening, white-light generation, and the formation of an underdense plasma. The plasma 
channel that constitutes a single filament and whose position in space can be controlled by its 
input parameters can span meters-long distances. With self-shortening from of a regeneratively 
amplified Ti:S laser pulse from 50 fs to ~ 5 fs, a filament serves as a source of impulsive 
excitation of vibrational and rotational modes of molecules. The resulting coherent motion 
serves as a macroscopic nonlinear medium for Raman scattering. In this talk, the current 
understanding and use of laser filaments for spectroscopic investigations of molecules will be 
reviewed as well as our recent experiments regarding impulsive rotational and vibrational 
sensing. 

 Triple Shot Heterodyne Rotational 
Spectroscopy 
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Super sub-wavelength patterns in photon 
coincidence detection 

Fuli Li 

Department of Applied Physics, School of Science 
Xi’an Jiaotong University, Xi’an 710049, China 

Abstract 

High-precision measurements implemented with light are desired in all fields of 
science. However, light acts as a wave, and the Rayleigh criterion in classical optics 
prevents obtaining a resolution smaller than half of the wavelength. Sub-wavelength 
interference has potential applications in lithography because it improves on the 
classical Rayleigh resolution limit. Here, we carefully study second-order correlation 
theory to establish the physics behind sub-wavelength interference in photon 
coincidence detection. A Young’s double-slit experiment with pseudo-thermal light is 
performed to test the second-order correlation pattern. The results show that when two 
point detectors are scanned in different ways, super sub-wavelength interference 
patterns can be obtained. We then provide a theoretical explanation for this surprising 
result and demonstrate that this explanation is also suitable for the results found for 
entangled light. Furthermore, we discuss the limitations of these types of super 
sub-wavelength interference patterns in quantum lithography. 
 
References 
1. Ruifeng Liu, Pei Zhang, Yu Zhou, Hong Gao, and Fuli Li， SCIENTIFIC 

REPORTS 4， 04068（2014） 
2. Milena D’Angelo, Maria V. Chekhova,* and Yanhua Shih，PHYSICAL REVIEW 

LETTERS87，013602（2001） 
3. Jun Xiong, De-Zhong Cao, Feng Huang, Hong-Guo Li, Xu-Juan Sun, and Kaige 

Wang,  
PHYSICAL REVIEW LETTERS 94, 173601 (2005). 
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Probing Dipole-Dipole Interactions in a Dilute Rubidium Vapor via 

Double-Quantum 2D Coherent Spectroscopy 

Michael Titze,
1
 Feng Gao,

1
 Steven T. Cundiff,

2
 and Hebin Li

1
 

1
Department of Physics, Florida International University, Miami, FL 33199 

2
JILA, University of Colorado and National Institute of Standards and Technology, Boulder, CO 80309 

The dipole-dipole interaction plays an important role in systems ranging from atomic vapors to 

biological molecules. Its long-range nature extends interaction beyond nearest neighbors, resulting in 

profound influence on the properties of many-body systems including dilute atomic vapors. 

Experimentally confirmed understanding of dipole-dipole interactions is essential for applications such as 

designing a quantum information processing platform, modeling new quantum phases and exotic many-

body physics in strongly correlated quantum matter, and developing tools for precision physical and 

chemical measurements.  

Dipole-dipole interactions in atomic vapors have been studied by spectroscopic tools such as sideband 

[1] and reflection spectroscopy [2] in the frequency domain, and quantum beat [3] and transient four-

wave mixing spectroscopy [4] in the time domain. Most observations were indirect and many aspects of 

the many-body dynamics had to be inferred, primarily due to the fact that the effect of dipole-dipole 

interactions is masked by other spectral features. In contrast, double-quantum optical 2D coherent 

spectroscopy [5] can isolate the spectral signals that are uniquely attributed to many-body interactions, 

providing a direct and sensitive probe for studying dipole-dipole interactions. In a recent study [6], 

double-quantum 2D spectra revealed weak interatomic dipole-dipole interactions in a dilute potassium 

vapor even at a density of 10
12

 cm
-3

.  

Although double-quantum spectra contain rich lineshape information, it is difficult to measure the 

absolute magnitude of individual spectral features. However, the relative magnitude between different 

features can be easily extracted with high precision, which is useful if compared to a known reference 

peak in the same spectrum. The energy level structure of rubidium (Rb) atoms, shown in Figure 1(a), 

allows such a reference peak in double-quantum 2D spectra. The laser spectrum is centered at half the 

energy difference between states |0⟩ and |2⟩, while having enough bandwidth to cover the transition 

|0⟩ → |1⟩. The system can simultaneously produce double-quantum signals due to the doubly excited 

state of individual Rb atoms and many-body interactions between atoms. In the spectrum shown in Figure 

1(b), peaks B and C have contributions from individual 

atoms and peak A is purely due to many-body 

interactions. Since double-quantum signals from 

individual atoms are well understood, peaks B and C can 

be used as a reference to quantify the strength of peak A. 

The relative strength of A compared to B or C at different 

densities can reveal how the effect of dipole-dipole 

interactions scales with the density. We have obtained 

double-quantum 2D spectra of a Rb vapor at different 

densities. The density dependence of relative peak 

strength shows that the double-quantum signals due to 

dipole-dipole interactions and individual atoms scale 

differently with the density. This information is useful in 

comparing to the results from theoretical models of many-

body dipole-dipole interactions.  
[1] G. K. Campbell et al., Science 324, 360 (2009). 

[2] V. A. Sautenkov et al., Phys. Rev. Lett. 77, 3327 (1996); H. Li et al., J. Phys. B 42, 065203 (2009); H. Li et al., 

Appl. Phys. B 91, 229 (2008). 

[3] J. G. Eden et al., Adv. At. Mol. Opt. Phys. 56, 49 (2008). 

[4] S. T. Cundiff, Laser Phys. 12, 1073 (2002). 

[5] S.T. Cundiff and S. Mukamel, Phys. Today 66, 44 (2013). 

[6] X. Dai et al., Phys. Rev. Lett. 108, 193201 (2012).  

Figure 1: (a) Energy level diagram of rubidium atoms. 

(b) A double-quantum 2D spectrum of a rubidium 

vapor.  
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Efficient Plasmon-Induced Hot Electron Transfer and Photochemistry in 

Semiconductor-Au Nanoheterostructures 
 

Tianquan Lian 
 

Department of Chemistry, Emory University, Atlanta, GA30322 
 

Plasmonic nanostructures have been used to enhance the efficiency of semiconductor 
and/or molecular chromophore based solar energy conversion devices by increasing the 
absorption or energy transfer rates through the enhanced local field strength. In more recent 
years, it has been shown that excitation of plasmons in metal nanostructures can lead to the 
injection of hot electrons into semiconductors and enhanced photochemistry. This novel 
plasmon-exciton interaction mechanism suggests that plasmonic nanostructures can 
potentially function as a new class of widely tunable and robust light harvesting materials for 
photo-detection or solar energy conversion. However, plasmon-induced hot electron 
injections from metal to semiconductor or molecules are still inefficient because of the 
competing ultrafast hot electron relaxation (via ultrafast electron-electron and 
electron-phonon scattering) processes within the metallic domain. Methods for improving the 
efficiency of such processes are still elusive.  

In this paper we discuss a recent study of 
plasmon-exciton interaction mechanisms in 
colloidal quantum-confined epitaxially-grown 
semiconductor-gold plexcitonic nanorod 
heterostructures. In CdSe NRs with Au tips, 

the distinct plasmon band of the Au nanoparticles was completely damped due to strong 
interaction with the CdSe domain. Using transient absorption spectroscopy, we showed that 
optical excitation of plasmons in the Au tip led to surprisingly efficient (> 24%) hot electron 
injection into the semiconductor nanorod. In the presence of sacrificial electron donors, this 
plasmon induced hot electron transfer process could be utilized to drive photoreduction 
reactions under continuous illumination. Ongoing studies are examining the mechanism of 
this surprisingly efficient plasmon induced hot electron transfer process and explore possible 
approaches for improving its efficiency through controlling the size and shape of the 
plasmonic and excitonic domains. 
 

 

 

CdS NR�CdSe NR� Au�
-� +�
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Single photon modulation by the collective many-body effects 
 

Zeyang Liao
1
 ,Xiaodong Zeng

1
, and M. Suhail Zubairy

1 

1
Institute for Quantum Science and Engineering (IQSE) and Department of Physics and Astronomy, 

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

We studied the collective spontaneous emission of a 

linear atomic chain excited by a single photon in the 

free space. The interaction between the atoms and the 

vacuum field can significantly change the 

eigenenergy and the spontaneous emission rate of the 

system. Due to the dipole-dipole interactions, the 

system prepared in a single photon timed Dicke state 

is the superposition of superradiant and subradiant 

eigenstates which can have a non-exponential decay 

dynamics. We can tune the frequency and linewidth 

of the emitted superradiant and subradiant photon by 

changing the direction of the atomic dipole moment 

or the atomic separation. In addition, the emission 

direction of the superradiant and subradiant photon 

also depends on the polarization of the atoms.  

 

Recently, we also studied how a single photon pulse 

is scattered by a linear atomic chain coupled to a one-

dimensional (1D) single mode photonic waveguide. 

We derive a time-dependent dynamical theory for this 

collective many-body system which allows us to study 

the real time evolution of the photon transport and 

the atomic excitations. For a 1D waveguide, the 

collective interaction between the atoms mediated 

by the waveguide modes can be long range. This 

collective interaction can significantly change the 

spectrum of the emitted photon and also the 

reflectivity. Many interesting physics may occur in 

this system such as the photonic bandgap effects, 

quantum entanglement generation, Fano-like 

interference, superradiant effects and coherent 

nonlinear frequency conversion. This system may 

be used as a single photon frequency filter, single 

photon modulation and single photon frequency 

comb generation.  

 

 

Fig.1: (a) The collective emission 

of a linear atomic chain. (b) 

Frequency modulation of the 

single photon emission 

Fig. 2: (a) Single photon transport through a linear atomic chain coupled to a 1D photonic 

waveguide. (b) Photonic bandgap and Fano-like interference. 
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Investigation of SERS Mechanisms using AFM/Raman Imaging
Zachary Liege1,2, Dmitri V. Voronine1,2, Alexander M. Sinyukov1, Zhe He3, Blake Birmingham1, Khoby Moore1, Ken 

Park1, Zhenrong Zhang1, and Alexei V. Sokolov1,2

1Baylor University, 2Texas A&M University, 3Xi'an Jiaotong University

Atomic force microscopy (AFM) and Raman imaging are common techniques for surface 

analysis, catalysis, and other material science investigations. Both techniques present 

unique benefts. By combining the two, it  may be possible to use surface-enhanced 

Raman scatering (SERS) to reveal more detailed information in relation to the sample. 

The  SERS  efect  is  currently  atributed  to  two  mechanisms:  electromagnetic  and 

chemical, but is not fully understood. We investigate SERS of copper phthalocyanine 

(CuPc)  molecular  flms  on  molybdenum  disulfde  substrates,  using  an  AFM/Raman 

microscope to obtain images of SERS hot spots. We also investigate the efect of a gold 

nanosphere tip on the Raman enhancement and use tip-enhanced Raman scatering to 

obtain simultaneous images of TERS hot spots. We then compare the two images to 

discuss the corresponding enhancement mechanisms.

Figure: a) Typical optical image of the sample surface, with illustration demonstrating typical AFM probe and laser spot    
locations (blue circle), b) Raman spectrum demonstrating SERS enhancement of the CuPc characteristic peaks
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Probing Molecular Conformations by Second Harmonic Generation  
Denis Sharoukhov and Hyungsik Lim 

Physics and Astronomy, Hunter College of the CUNY, New York, NY 10065  
Second harmonic generation (SHG) requires a certain molecular geometry, allowing the emission to encode unique 
molecular conformation that escapes other optical readouts such as birefringence. The second-order susceptibility 
tensor 𝜒𝜒𝑖𝑖𝑖𝑖𝑖𝑖  is an ensemble average of the hyperpolarizability tensor 𝛽𝛽𝑖𝑖𝑖𝑖𝑖𝑖  associated with individual non-
centrosymmetric molecules. Since the hyperpolarizability tensor 𝛽𝛽𝑖𝑖𝑖𝑖𝑖𝑖  depends on the molecular shape, certain 
structural parameters can be determined once the elements of susceptibility tensor are known1,2. The procedure, 
known as the second-order tensor analysis, involves measuring polarization-resolved SHG (p-SHG), where the 
intensity is a function of an angle θ between the polarization of incident light and the molecular axis (z-axis).  

𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐸𝐸4{(sin2 𝜃𝜃 + 𝛾𝛾 cos2 𝜃𝜃)2 + sin2 2𝜃𝜃}, 𝛾𝛾 ≡
𝜒𝜒𝑧𝑧𝑧𝑧𝑧𝑧
𝜒𝜒𝑧𝑧𝑧𝑧𝑧𝑧

≅
2 cos2〈𝜑𝜑〉

1 − cos2〈𝜑𝜑〉
 

Then the average pitch angle φ of the molecule can be deduced from the ratio 𝛾𝛾 between two tensor elements.   

We recently demonstrated that SHG arises from 
microtubules (MTs)3. MT is an important cytoskeleton playing 
key roles in diverse cellular processes including cell polarity, 
motility, division, and intracellular transport. The functional 
diversity of MTs, and its regulation, is mediated by molecular 
structure. Furthermore, a variety of drugs and microtubule-
associated proteins (MAPs) bind to MTs to induce alterations 
in the molecular conformation, which then modulate the 
stability of MTs, or interfere with MAPs and motor proteins to 
hinder their functions. In neurons, a certain binding of MAP to 
MTs, e.g. pathological tau-tubulin binding, is implicated in cell 
deaths. However, the underlying mechanisms are poorly 
understood. Resolving the structure-function relationship of 
MT is important not only for understanding the molecular 
mechanism of MT-binding drugs (e.g. drug resistance) but it 
may also shed insights into the role of MT in 
neurodegenerative processes, such as glaucoma and the 
Alzheimer’s disease.  

Here we will describe the second-order tensor analysis for 
detecting conformational changes of MT assembly. SHG was 
employed as a functional readout to characterize structural 
changes of MTs in vivo in the context of live tissue. SHG 
microscopy was also performed for studying the dynamics of MT assembly under a variety of neuropathic 
conditions. Our results indicate that SHG provides an optical readout for novel in vivo biochemical assay of MTs. 
The capability of SHG could represent a major breakthrough in MT research for advancing our knowledge of the in 
vivo dynamics of the cytoskeleton. We will also discuss how SHG is distinguished from birefringence, i.e. SHG 
requires the lack of inversion symmetry whereas the form birefringence arises from sub-wavelength anisotropic 
geometry, and thus not every birefringent material is SHG-active, or vice versa. 

 

References: 
1 Heinz, T. F., Tom, H. W. K. & Shen, Y. R. Determination of molecular orientation of monolayer 

adsorbates by optical second-harmonic generation. Physical Review A 28, 1883-1885 (1983). 
2 Roth, S. & Freund, I. Second harmonic generation and orientational order in connective tissue: a mosaic 

model for fibril orientational ordering in rat-tail tendon. Journal of Applied Crystallography 15, 72-78 
(1982). 

3 Lim, H. & Danias, J. Label-free morphometry of retinal nerve fiber bundles by second-harmonic-
generation microscopy. Optics Letters 37, 2316-2318 (2012). 

Figure 1. SHG imaging of the retinal nerve fibers 
of mouse ex vivo. Two images in magenta and 
green corresponding to orthogonal linear 
polarizations are merged.  
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Optical spin-orbit interaction in plasmonic structures 

Feng Lin
*
, Peng Tang, Chaojie Yang, Jie Li, Xing Zhu 

School of Physics, State Key Laboratory for Mesoscopic Physics, Peking University, Beijing 

100871, China 
*
Email address:linf@pku.edu.cn 

 
The optical spin-orbit interaction is that a coupling of the intrinsic angular momentum (photon spin) 

and the extrinsic momentum (orbital angular momentum) [1-2]. The effect is usually observed when the 

light passes through an anisotropic and inhomogeneous medium. For instances, the optical spin Hall 

effect, beam displacement and momentum shift due to the optical spin, was observed at the medium 

interface. In plasmonic structures, the surface plasmons travel along the path that can be defined to within 

a subwavelength scale by the geometric patterns of the structures, which generate a significant optical 

orbital angular momentum. In our work, on the Au thin film deposited on glass substrates, we fabricate 

the subwavelength holes by focused ion beam, which form the ring shape. Using the scanning near-field 

optical microscope, the modified propagation of surface plasmons has been observed due to the optical 

spin-orbit interaction.  

References: 

[1] Shitrit, N.; Bretner, I.; Gorodetski, Y.; Kleiner, V.; Hasman, E. Nano Lett. 2011, 11, 2038. 

[2] Shitrit, N.; Yulevich, I.; Maguid, E.; Ozeri, D.; Veksler D.; Kleiner, V.; Hasman, E. Science 2013,  

340, 724. 
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Resolving Spectral Congestion in Time-Resolved SECARS using 

Compressive Sensing 

Chuanhong Liu1,2, Dmitri V. Voronine2,3 and Marlan O. Scully2,3,4 

1Xi’an Jiaotong University, Xi’an, Shannxi, China 710049 
2Texas A&M University, College Station, TX 77845 

3Baylor University, Waco, TX 76798 
4Princeton University, Princeton, NJ 08544 

 

Experimental noise often limits spectral and temporal resolution in coherent nonlinear optical 

spectroscopy. For example, in time-resolved surface-enhanced coherent anti-stokes Raman 

scattering (SECARS) spectroscopy the spectral resolution increases with a decreasing size of 

the pulse shaper slit but the signal-to-noise ratio decreases [1,2]. The theoretical limits of 

resolution in time-resolved CARS have previously been discussed [3]. We apply the 

compressive sensing (CS) technique [4,5] to improve data analysis and to reach the theoretical 

spectral resolution in noisy SECARS signals. 

Figure：Fourier transform (a) and compressive sensing (b) signal for a functional fit of SECARS 

signals. Compressive sensing gives better resolution. 

[1] D. Pestov, et al. Optimizing the laser-pulse configuration for coherent Raman spectroscopy, Science 316, 265 (2007). 

[2] D. V. Voronine, et al. Time-resolved surface-enhanced coherent sensing of nanoscale molecular complexes, Sci. Rep. 

2. 891 (2012). 

[3] Mukamel S, et al. Communication: Comment on the effective temporal and spectral resolution of impulsive stimulated Raman 

signals, J Chem Phys. 134(16) , (2011). 

[4] E. Yonina C., and G. Kutyniok, eds. Compressed sensing: theory and applications. Cambridge University Press, (2012). 

[5] A. Xavier, J. N. Sanders, and A. Aspuru-Guzik. Application of compressed sensing to the simulation of atomic systems. 

PNAS. 109.35 (2012). 
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Resonance Effects in Surface-Enhanced Coherent Raman
Spectrocopy

Xiaohan Liu1,2, Dmitri Voronine1,3, Alexander Sinyukov1
Alexei Sokolov1, Marlan Scully1,3,4

1Texas A&M University, 2Xi'an Jiaotong University, 3Baylor University,
4Princeton University

Raman scattering has been widely used for molecular chemical analysis but weak
signals from small amounts of material present a challenge. Surface-enhanced
Raman scattering (SERS) and coherent anti Stokes Raman scattering (CARS)
spectroscopies are two of the most commonly used techniques to enhance
Raman signal. Several attempts have been made to combine those techniques to
reach the maximum signal enhancement in surface-enhanced CARS (SECARS).
We investigate resonant Raman effects for enhanced Raman scattering
combined with surface and coherence enhancements.

[1]Voronine, Dmitri V., et al, Scientific reports 2 (2012)

[2]Hua, Xia, et al, Physical Review A 89.4 (2014): 043841

[3]Zhang, Yu, et al, Nature communications 5 (2014).

[4]Yampolsky, Steven, et al, Nature Photonics 8.8 (2014): 650-656.

Figure: Three incident laser beams are first enhanced by a gold nanoparticle, then interact
with a molecule and emit CARS signals, which are again enhanced by the gold nanoparticle.
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Diamond Frequency Combs 
Vivek Venkataraman1, Birgit Hausmann1, Michael Burek1, Pawel Latawiec1,  

Yoshi Okawachi2
,
  Irfan Bulu1, Alex Gaeta2 and Marko Loncar2 

1School of Eng. & Appl. Sci., Harvard University, 2School of Appl. & Eng. Physics, Cornell University 
loncar@seas.harvard.edu 

Diamond’s high linear (n ~ 2.4) and nonlinear (n2 = 1.3x10-19 m2/W) refractive index, wide 
bandgap (5.5eV) and negligible nonlinear loss mechanisms due to multi-photon processes, as 
well as excellent thermal properties (high thermal conductivity in excess of 2000W/mK at room 
temperature, low thermal expansion coefficient, and small thermo-optic coefficient) make it well 
suited for realization of stable microresonator combs that operate over wide wavelength range 
with low threshold powers. I will present our recent result on frequency comb generation at 
telecom wavelengths using high Q factor (>106) diamond ring resonator1, realized using thin-
film approach2 (Fig. 1a) Threshold powers as low as 20 mW are measured, and up to 20 new 
wavelengths are generated from a single-frequency pump laser. I will also discuss our efforts 
towards realization of diamond comb in visible range (Fig. 1b) using both thin-film and angled-
etching approaches3-4 (Fig. 1c).  

1. B. J. M. Hausmann, et al, “Diamond nonlinear photonics”, Nature Photonics, 8, 369-374 (2014) 
2. B.J.M. Hausmann, et al "Integrated diamond networks for quantum nanophotonics", Nano Lett., 12, 1578 (2012)  
3. M. J. Burek, et al, “High-Q optical nanocavities in bulk single-crystal diamond”, to appear in Nature 

Communications, arXiv: 1408.5973 (2014) 
4. M. J. Burek, et al, “Free-standing mechanical and photonic nanostructures in single-crystal diamond” Nano 

Lett., 12, 6084 (2012)  

Figure 1: Diamond frequency combs: a) Integrated ultra-high quality factor (Q~1.2·106 ) single-crystal 
diamond ring resonators, fabricated using thin-film approach, have enabled frequency comb generation in 
telecom. The oscillation threshold: ~20 mW, conversion efficiency: ~5%. Modeling results of the same device 
are in excellent agreement with the experimental data. b) Thin-film diamond rings can have broadband 
anomalous dispersion in visible, allowing for nearly an octave-spanning mode-locked operation (parameters: 
300nm wide, 400nm thick waveguide, ~200mW pump at 680nm, Q~106). c) Diamond ring resonator fabricated 
using angled-etching technique (~2mm long, FSR~30GHz) can have anomalous dispersion spanning visible 
range. 
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Exploring	  the	  Macroscopic	  Quantum	  Physics	  of	  Motion	  
	  with	  Superfluid	  4He	  

	  
Keith	  Schwab,	  	  Laura	  De	  Lorenzo,	  Aaron	  Pearlman,	  	  

Applied	  Physics,	  Caltech	  
	  
	  
Given	  the	  remarkable	  recent	  progress	  in	  the	  field	  of	  opto-‐	  and	  electro-‐mechanics,	  it	  
is	  now	  established	  that	  motion	  of	  small,	  micron-‐scale	  mechanical	  structures	  require	  
a	  quantum	  description.	  	  One	  possible	  way	  forward,	  into	  new	  territory,	  is	  to	  explore	  
even	   larger	   structures;	   can	   the	  wave-‐like	   nature	   of	   a	   centimeter	   scale	  mechanical	  
structure	   be	   observed?	   	   As	   one	   considers	   engineering	   such	   an	   experiment,	   one	  
realizes	  that	  the	  mechanical	  dissipation	  rate	  is	  an	  essential	  engineering	  factor,	  a	  rate	  
which	  must	  be	  compared	  to	  the	  optical	  scattering	  rate	  in	  an	  optomechanical	  device.	  	  
As	   a	   result,	   we	   have	   begun	   to	   explore	   superfluid	   helium-‐4	   which	   demonstrates	  
dissipationless	   steady	   flow,	   and	   given	   the	   understanding	   generated	   in	   the	   1950-‐
1970’s,	  very	  low	  acoustic	  loss	  at	  very	  low	  temperatures.	  	  I	  will	  describe	  our	  current	  
experiments	   which	   couples	   a	   6	   gram	   superfluid	   acoustic	   resonator	   to	   a	   10	   GHz	  
niobium	  microwave	  resonator,	  demonstrating	  an	  acoustic	  quality	  factor	  of	  3.107	  and	  
a	  microwave	  quality	  factor	  of	  3.5.108	  at	  a	  temperature	  of	  60mK.	   	  We	  believe	  much	  
higher	  acoustic	  quality	   factors	  are	  possible,	  exceeding	  1010.	   	   I	  will	  also	  discuss	  our	  
progress	  to	  build	  an	  ultra-‐low	  phase	  noise	  microwave	  source	  to	  pump	  this	  system.	  	  
Utilizing	  a	  cryogenic	  sapphire	  whispering	  gallery	  mode	  resonator	  we	  have	  recently	  
achieved	  a	  phase	  noise	  of	  -‐145dbc/Hz,	  10KHz	  from	  the	  10GHz	  carrier.	  
	  
We	   see	   the	   possibility	   of	   three	   interesting	   experiments	   with	   this	   system:	  
demonstrating	  the	  quantum	  nature	  of	  motion	  for	  a	  gram-‐scale	  structure,	  probing	  for	  
fundamental	   length	   scales	   in	   physics	   below	   10-‐18m	   and	   possibly	   approaching	   the	  
Planck	   scale,	   and	   the	   detection	   of	   continuous	   gravitational	   waves	   which	   are	  
expected	   from	   nearby	   pulsars.	   	   	   I	   will	   discuss	   the	   requirements	   of	   the	   opto-‐
mechanical	  structure	  and	  the	  microwave	  field	  required	  for	  these	  experiments.	  
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Single-Molecule Interfacial Electron Transfer Dynamics  
  
H. Peter Lu 
Email: hplu@bgsu.edu 
Bowling Green State University, Department of Chemistry and the Center for 
Photochemical Sciences, Bowling Green, OH 43403 

We apply single-molecule high spatial and temporal resolved techniques to study the complex reaction 
dynamics associated with electron and energy transfer rate processes.1-5 The complexity and 
inhomogeneity of the interfacial ET dynamics often present a major challenge for a molecular level 
comprehension of the intrinsically complex systems, which calls for both higher spatial and temporal 
resolutions at ultimate single-molecule and single-particle sensitivities. Combined single-molecule time 
resolved spectroscopy, femtosecond ultrafast spectroscopy, and electrochemical atomic force microscopy 
(E-Chem AFM) approaches are unique for heterogeneous and complex interfacial electron transfer 
systems because the static and dynamic inhomogeneities can be identified and characterized by studying 
one molecule at a specific nanoscale surface site at a time.1-5 The physical nature of the observed multi-
exponential or stretched-exponential ET dynamics in the ensemble-averaged experiments, often 
associated with dynamic and static inhomogeneous ET dynamics, can be identified and analyzed by the 
single-molecule spectroscopy measurements.  Single-molecule spectroscopy reveals statistical 
distributions correlated with microscopic parameters and their fluctuations, which are often hidden in 
ensemble-averaged measurements. The interfacial ET activity of individual dye molecules showed 
fluctuations and intermittency at time scale of milliseconds to seconds. The fluctuation dynamics were 
found to be inhomogeneous from molecule to molecule and from time to time, showing significant static 
and dynamic disorders in the dynamics.  The inhomogeneous electron transfer rate due to the interaction 
between a dye molecule and the semiconductor surface depends on the chemical and physical nature of 
both dye molecule and the semiconductor.  
 

Reference 

1. Vishal Govind Rao, Bharat Dhital, Yufan He, H. Peter Lu, " Single-Molecule Interfacial Electron 
Transfer Dynamics of Porphyrin on TiO2 Nanoparticles: Dissecting the Complex Electronic 

Coupling Dependent Dynamics," J. Phys. Chem. C., 118, 20209-20221 (2014). 

2. Yuanmin Wang, Papatya C. Sevinc, Yufan He, H. Peter Lu, "Probing Ground-State Single-Electron 

Self-Exchange Across a Molecule-Metal Interface," J. Am. Chem. Soc., 133, 6989-6996 (2011).  

3. Guo, Lijun; Wang, Yuanmin; Lu, H. Peter, "Combined Single-Molecule Photon-Stamping 
Spectroscopy and Femtosecond Transient Absorption Spectroscopy Studies of Interfacial Electron 

Transfer Dynamics," J. Am. Chem. Soc. 132, 1999-2004 (2010) (Cover page). 

4. Yuanmin Wang, Xuefei Wang, and H. Peter Lu, "Probing single-molecule interfacial geminate 

electron-cation recombination dynamics,” J. Am. Chem. Soc.  131, 9020–9025 (2009).  
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Boson Sampling from Gaussian states

A. P. Lund,1 A. Laing,2 S. Rahimi-Keshari,1 T. Rudolph,3 J. L. O’Brien,2 and T. C. Ralph1

1Centre for Quantum Computation and Communication Technology, School of
Mathematics and Physics, University of Queensland, St Lucia, Queensland 4072, Australia

2Centre for Quantum Photonics, H. H. Wills Physics Laboratory & Department
of Electrical and Electronic Engineering, University of Bristol, BS8 1UB, UK

3Optics Section, Blackett Laboratory, Imperial College London, London SW7 2AZ, United Kingdom

BosonSampling is the problem of producing a sample
from the distribution of photon detections from the out-
put of a m-mode linear optical network when inputting
n single photons. This relatively straightforward situ-
ation was shown by Aaronson and Arkipov to not be
efficiently computable by a classical computer [1]. How-
ever, it is efficient for a quantum system to perform
this computation; the quantum computer simulates the
physical m-mode scattering problem. This system does
not implement a universal set of quantum gates, but
due to the simplification this arrangement presents for
optical quantum algorithms and the provable basis for
the hardness of this problem for a classical computer,
many groups have been interested in this problem and
developed small scale implementations for demonstrat-
ing this problem [2–5]. We present two theoretical re-
sults about a modified BosonSampling problem using
Gaussian states as inputs.

First, we show that a modified version of the Boson-
Sampling problem with two-mode squeezed states input
into double the number of modes, where the extra modes
are used to herald single photons, will also be a hard
problem for a classical algorithm. This arrangement,
shown in Figure 1, can be shown to be polynomially
equivalent to a modified version of the BosonSampling
problem where the single photons are input into n ran-
dom and uniformly chosen modes which are known to
the experimenter. The probability of achieving a detec-
tion of n photon pairs from a particular choice of the m
two-mode squeezers is exponentially unlikely. However,
the probability of achieving n photon pairs irrespective
of the locations of the pairs is only polynomially unlikely
if the strength of the two-mode squeezing is optimised
over. Specifically, the probability of detecting n pho-
ton pairs if the two-mode squeezers all have strength
0 ≤ χ < 1 is

(
m

n

)
χ2n(1− χ2)m. (1)

This is maximised when χ =
√
n/(m+ n). If m =

n2 then the maximised probability asymptotically ap-
proaches 1/

√
n. This Improvement in scaling occurs if

the number of modes is at least n2, as is required for the
single photon BosonSampling of [1], then the number of
permutations for n fold events grows exponentially in
such a way that cancels out the exponential decay of the

SPDC
m mode
Linear
Optics
Unitarym sources

n single ph
otons

SPDC

SPDC

FIG. 1. Schematic of a device which efficiently implements a
input randomized BosonSampling problem.

probability for an event at a particular location. Us-
ing this location randomised but efficient multi-photon
source for BosonSampling, we find that the resulting dis-
tribution cannot be efficiently computed classically using
an argument similar to that presented in [1].

In our second result we show that if the linear opti-
cal network has an input of m thermal states, then the
probability of obtaining particular Fock state detections
is the matrix permanent of a positive definite matrix.
It can be proved that, unlike for the matrix determi-
nant, estimating the matrix permanent is a computa-
tionally hard problem (i.e. in the class #P-hard). This
is the basis for the hardness proof of BosonSampling
in [1]. We show that for the case of thermal state inputs,
with possibly different temperatures, an efficient sam-
pling algorithm exists based on the realisation of thermal
states by a distribution over coherent states. This situa-
tion is equivalent to the arrangement shown in Figure 1
when the heralding modes are ignored and the two mode
squeezers have different amounts of squeezing. One can
then use the results of [1] to conclude that estimating
the matrix permanent for positive definite matrices is
not #P-hard but lies within the polynomial time hierar-
chy of complexity classes [6]. This result does not appear
to have been presented in the computational complexity
literature.

[1] S. Aaronson and A. Arkhipov, Theory of Computing 9
(4), pp. 143–252 (2013).

[2] M.A.Broome, et al, Science 339, 794 (2013).
[3] J.B.Spring et al, Science 339 798 (2013).
[4] M. Tillmann et al, Nature Photonics 7, 540 (2013).
[5] A. Crespi et al. Nature Photonics 7, 545 (2013).
[6] L. J. Stockmeyer. The polynomial-time hierarchy. Theo-

retical Computer Science 3, 1-22 (1977)

Speaker: Austin Lund
Session: The computational complexity of passive linear optics
Schedule: Wednesday Morning Invited Session 2

PQE-2015 211



Hybrid	  materials	  systems	  for	  nanophotonics	  from	  the	  visible	  to	  the	  mid-‐infrared:	  
Materials	  considerations,	  nonlinear	  optics,	  and	  sensing	  

	  
Stefan	  A	  Maier	  

	  Department	  of	  Physics,	  Imperial	  College	  London,	  London,	  UK	  
	  
Metallic	  nanoantennas	  allow	  focusing	  from	  the	  far	  field	  to	  near-‐field	  hot	  spots	  of	  heightened	  
electromagnetic	   field	   density,	   enabling	   applications	   in	   surface	   enhanced	   spectroscopies,	  
solar	  light	  harvesting,	  and	  nonlinear	  nanophotonics.	  Recently	  the	  focus	  has	  shifted	  from	  all-‐
metallic	  to	  hybrid	  systems,	  including	  dielectric,	  semiconducting,	  or	  oxide	  materials.	  
	  
This	  talk	  will	  look	  at	  the	  process	  of	  far-‐	  to	  near-‐field	  focusing	  from	  a	  materials	  perspective,	  
contrasting	   metallic	   and	   dielectric	   nanoantennas	   in	   terms	   of	   focusing	   performance	   and	  
optical	   losses,	  as	  well	  as	  materials	   systems	   for	  applications	   in	   the	  near-‐	  and	  mid-‐infrared	  
regime	   of	   the	   spectrum,	   based	   on	   silicon	   carbide	   and	   hexagonal	   boron	   nitride.	   Examples	  
from	  surface	  enhanced	  spectroscopy,	   control	  over	  nanoscale	   light	  emitters,	  photovoltaics,	  
and	  higher	  harmonic	  generation	  will	  be	  discussed.	  	  
	  
References:	  
	  
Grinblat,	   G.,	   Rahmani,	  M.,	   Cortés,	   E.,	   Caldarola,	  M.,	   Comedi,	   D.,	   Maier,	   S.A.	   &	   Bragas,	   A.V.,	  	  
High-‐efficiency	   second	   harmonic	   generation	   from	   a	   single	   hybrid	   ZnO	   Nanowire/Au	  
plasmonic	  nano-‐oligormer,	  Nano	  Letters	  14,	  6660	  (2014)	  doi:/	  10.1021/nl503332f	  

Caldwell,	   J.D.,	   Kretinin,	   A.V.,	   Chen,	   Y.,	   Giannini,	   V.,	   Fogler,	  M.M.,	   Francescato,	   Y.,	   Ellis,	   C.T.,	  
Tischler,	   J.G.,	  Woods,	   C.R.,	   Giles,	   A.J.,	   Hong,	  M.,	  Watanabe,	   K.,	   Taniguchi,	   T.,	   Maier,	   S.A.,	   &	  
Novoselov,	   K.S.,	   Sub-‐diffractional,	   volume-‐confined	   polaritons	   in	   the	   natural	   hyperbolic	  
material	   hexagonal	   boron	   nitride,	   Nature	   Communications	   5,	   5221	   (2014)	   doi:/	  
10.1038/ncomms6221	  

Sidiropoulos,	   T.P.H.,	   Röder,	  R.,	   Geburt,	   S.,	  Hess,	  O.,	  Maier,	   S.A.,	   Ronning,	   C.,	  &	  Oulton,	  R.F.,	  
Ultrafast	  plasmonic	  nanowire	  lasers	  near	  the	  surface	  plasmon	  frequency,	  Nature	  Physics	  10,	  
870	  (2014)	  doi:/	  10.1038/NPHYS3103	  
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enhancement	   from	   a	   single	   semiconductor	   nanoparticle	   coupled	   to	   a	   plasmonic	   antenna,	  
Nature	  Nanotechnology	  9,	  290	  (2014)	  
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Towards quantum communication with more than 4 bits/photon:
sending information with twisted light

Mehul Malik,1,2,3 Mohammad Mirhosseini,1 Zhimin Shi,1 Robert W. Boyd,1,4 Mario Krenn,2,3

Robert Fickler,2,3 Matthias Fink,2 Johannes Handsteiner,2 Thomas Scheidl,2,3 Rupert Ursin,2

Anton Zeilinger2,3
1The Institute of Optics, University of Rochester, Rochester, New York 14627 USA

2 Institute for Quantum Optics and Quantum Information (IQOQI), Austrian Academy of Sciences, Vienna, Austria
3 Faculty of Physics, University of Vienna, Vienna, Austria

4Department of Physics, University of Ottawa, Ottawa, ON K1N 6N5 Canada

The orbital angular momentum (OAM) modes of
light show great promise as a means to enhance quan-
tum and classical communication. OAM modes reside
in a discrete, unbounded state space and have the po-
tential to dramatically increase the information capacity
and security of QKD systems. Furthermore, such modes
have been employed in recent lab-scale demonstrations
of classical information transfer at upto 100 terabit/sec.

Here I present two recent experiments—in the first,
we efficiently sort single-photons based on their OAM
content [1], a capability that is essential for quantum
communication with the OAM of light. In the sec-
ond, we encode information in classical superpositions
of OAM modes and transmit them over 3km of turbu-
lent air over the city of Vienna [2].

Figure 1 shows a schematic for how our single-
photon sorting scheme works. First, the helical phase
profile of the incoming OAM mode is “unwrapped” into
a planar wavefront by a series of refractive elements (R1
and R2). The tilt of the plane wave is proportional to
the OAM winding number `. Originally developed in
the group of Miles Padgett, these refractive elements
have a limited separation efficiency of ∼77% due to the
diffraction limit imposed by the finite size of the un-
wrapped plane wave. We were able to improve this sep-
aration efficiency to 93% by coherently copying the un-
wrapped plane wave and stitching the copies together
using a specially designed fan-out hologram [1]. Our
device offers a channel capacity of 4.18 bits/photon.

Figure 2 shows a sketch of the second experiment.

Input OAM Mode

Unwrapper (R1)

Phase Corrector (R2)

Lens (L1)

3 Copy Fan-Out (SLM1)

Fan-Out Phase Corrector (SLM2)

Lens (L2)

CCD Camera

Figure 1: Experimental setup used for sorting 25 OAM modes

Image Sent Image Received

Figure 2: Experimental setup for transmitting 16 OAM mode
superpositions and a sample image that was sent

Numerous recent lab-scale studies have shown that
OAM modes degrade upon propagation through sim-
ulated turbulence. Here, we were able to use 16 super-
positions of OAM modes ranging from ` = 0 to ±15 to
send information through a 3km free-space link in tur-
bulent air over the city of Vienna. The sender, located
at the top of an unused weather tower, used an SLM
to generate mode superpositions. The receiver, located
on the roof of our institute, detected the modes on a
screen and decoded them using a pattern recognition
algorithm.

An example image of Mozart that was sent using
OAM encoding is also shown in Fig. 2. The grey value
of each pixel was encoded in the 4-bit space provided by
the 16 OAM superpositions. The main contribution of
the turbulence was found to be a lateral shift in the re-
ceived mode position, which did not effect our detection
method.
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Plasmonic Giant Semiconductor Nanocrystals with Enhanced Light Output for 

Simultaneous Optical Imaging and Photothermal Heating 
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Hybrid semiconductor-metal nanoparticles are of both fundamental and practical interest. CdSe 

semiconductor nanocrystals quantum dots (NQDs) are optically active via the direct absorption 

and emission of photons, while nanosized metal objects possess plasmonic absorption and light 

scattering. In a combined nanoscale structure, the properties of both components can be 

conjoined, while metal-semiconductor coupling via non-radiative energy transfer and 

modifications of the radiative decay rates through Purcell effect modify emission processes 

resulting in a range of effects from quenching to photoluminescence (PL) enhancement.  

 

We prepared a series of 

photostable ‘giant’ core/shell 

NQDs (gNQDs) with suppressed 

blinking and enhanced 

photostability and encapsulated 

them in thin silica shells that are, in 

turn, overcoated with the ultrathin 

gold layer. Such plasmonic gNQDs 

(pl-gNQDs), have been shown to 

possess a wide range of emission 

properties. We observed PL 

quenching and enhancement of 

decay rates for gNQDs 

encapsulated with silica shells of 

t~10-12 nm thickness, which was 

further exacerbated by addition of 

4-5 nm Au shells. However, pl-

gNQDs prepared with t=17 nm 

silica shells and same 4-5 nm Au 

layers have been shown to retain their key optical property of bright and blinking-free 

photoluminescence. However, these structures were distinguished from simple gNQDs by the 

emergence in some sub-populations of a large number (3-7) of emission (GRAY) states with 

clearly defined PL intensities and emission lifetimes. Thus, although never blinking off, these 

constructs transitioned rapidly through multiple states of varying brightness. This observation 

suggests pronounced charge transfer interactions at silica/Au interface in addition to any 

plasmonic-related effects. Distinctively, PL decay rates of the bright (ON) states in such pl-

gNQDs remain almost unchanged as compared to the core only gNQDs, suggestive of complex 

interplay between metal-semiconductor coupling and radiative rate engineering. For emerging 

biomedical applications, we demonstrated optical imaging and efficient photothermal 

transduction using pl-gNQDs.  The latter is despite the highly compact total particle size (40-60 

nm “inorganic” diameter and <100 nm hydrodynamic diameter) and the very thin nature of the 

optically transparent Au shell. We found that the sensitivity of the quantum dot emission to local 

temperature provides a novel internal thermometer for recording temperature during infrared 

irradiation and heating. 
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Adressing)Rb)and)Cs)atomic)transitions)with)a)single)
tunable)narrowband)photon7pair)source 
!
Gerhard! Schunk1,2,3,! Ulrich! Vogl1,2," Michael" Förtsch1,2,3,! Dmitry! Strekalov1,! Florian! Sedlmeir1,2,!
Harald!G.!L.!Schwefel1,2,3,!Gerd!Leuchs1,2,3!and!Christoph!Marquardt1,2,3,*!
!
1!Max!Planck! Institute!for!the!Science!of!Light,!GüntherLScharowskyLStr.!1,!Building!24,!91058!Erlangen,!
Germany!
2! Institut! für! Optik,! Information! und! Photonik,! University! of! ErlangenLNuremberg,! Staudtstraße! 7/B2,!
91058,!Erlangen,!Germany!
3!SAOT,!School!in!Advanced!Optical!Technologies,!PaulLGordanLStraße!6,!91052!Erlangen,!Germany!
*!christoph.marquardt@mpl.mpg.de!
Sources! of! nonLclassical! light! are! crucial! in! many! quantum! optics! and! quantum! information!
experiments.!In!the!ideal!case!they!should!offer!the!same!versatility!as!classical!laser!sources!in!
terms! of! stability,! compactness,! efficiency,! and!wavelength! tunability.!We! present! a! compact!
source!of!photonLpairs!and!squeezed! light!based!on!efficient!parametric!down!conversion! in!a!

triply! resonant!whisperingLgallery!
resonator! (WGR)! made! out! of!
lithium! niobate! [1].! The! central!
wavelength! of! the! emitted! light!
can! be! tuned! over! hundreds! of!
nanometers! and! allows! for!
precise! and! accurate!
spectroscopy!with!heralded!single!
photons! of! tunable! bandwidth.!
Based! on! an! analysis! of! the!
various! eigenmodes! of! the! WGR!
[2]! we! are! able! to! employ!
different! wavelength! tuning!
mechanisms,! which! we! combine!
for! continuous! tuning.! At! the!
same! time! an! exact!
understanding! of! the! phase!
matching! conditions! allows! to!
reach! single! mode! quantum!
states! [3].! With! this! source! we!

demonstrate!tuning!to!the!D1!lines!of!rubidium!(795!nm)!and!cesium!(895!nm),!a!scanning!over!
the! DopplerLbroadened! and! DopplerLfree! absorption! line! of! the! Cs! D1! F4’LF3! transition! and!
corresponding!correlation! functions.!The!corresponding! idler!photons!are!emitted!at!1317!nm!
for!cesium!and!1609!nm!for!rubidium.!Providing!this!flexibility!in!connecting!various!alkali!atoms!
with!telecom!wavelengths,!the!system!opens!up!novel!possibilities!to!realize!proposed!quantum!
repeater!schemes.!
!
[1]!M.!Förtsch!et!al.,!„A!Versatile!Source!of!Single!Photons!for!Quantum!Information!Processing“,!Nature!Commun.!4,!1818!(2013)!
[2]! G.! Schunk! et! al.,! „Identifying!modes! of! large!whisperingLgallery!mode! resonators! from! the! spectrum! and! emission! pattern“,!
Optics!Express!22,!30795!!(2014)!
[3]!M.!Förtsch!et!al.,!„Highly!efficient!generation!of!singleLmode!photon!pairs!using!a!crystalline!whispering!gallery!mode!resonator“,!
arXiv:1404.0593!(2014)!

Photon! pairs! are! produced! in! a! cavityLassisted! parametric!
downLconversion! process! in! a! nonlinear! crystalline!whispering!
gallery!mode!resonator.!The!generated!signal!and!idler!photons!
are!separated!with!a!dispersion!prism!and!sent!on!detectors!for!
heralding! and! characterization.! The! figure! shows! the! cross!
correlation! function! of! fluorescent! and! idler! photons! (inset:!
fluorescence!of!the!signal!photons!imaged!in!a!Cs!gas!cell).!
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Topological Phases of Sound and Light
Florian Marquardt, Vittorio Peano, Christian Brendel, and Michael Schmidt

University of Erlangen-Nuremberg, Germany, and 
Max Planck Institute for the Science of Light

Sound (mechanical vibrations) and light interact via 
radiation forces, such as radiation pressure. In cavity 
optomechanics, researchers study how this can be 
applied to nano- or micromechanical resonators 
coupled to an optical cavity or any other localized 
optical mode. 

Since a few years, optomechanical systems based on 
photonic crystals have been explored experimentally, with 
superior parameters. A single defect site is used to localize 
both a vibrational and an optical mode on the micron-scale. 
We envisage future  “optomechanical arrays” built by 
extending this to a periodic array of such defect modes. Photons 
and phonons can tunnel between different sites in this array. Their effective interaction can 
be modulated by the drive laser frequency, intensity, and phase. 

In this talk, I will describe how one can implement 
synthetic magnetic fields for both photons and 
phonons in such optomechanical arrays. 
Furthermore, I will show how a Chern insulator for 
phonons could be implemented in such a setting. 
This would be the first example of a Chern insulator 
band structure with topologically protected edge 
states for phonons in the solid state.

References

Optomechanical Metamaterials: Dirac polaritons, Gauge fields, and Instabilities, 
Michael Schmidt, Vittorio Peano and Florian Marquardt, arXiv:1311.7095	 (2013)
Topological Phases of Sound and Light, Vittorio Peano, Christian Brendel, Michael 
Schmidt, and Florian Marquardt, arXiv:1409.5375 (2014)
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Controlling spontaneous emission rates using a tunable plasmonic platform  

Maiken H. Mikkelsen 

Center for Metamaterials and Integrated Plasmonics, Department of Electrical and Computer 

Engineering, Department of Physics, Duke University 

Plasmonic cavities and nanoantennas can strongly modify the excitation and decay rates 

of nearby emitters by altering the local density of states. Here, we demonstrate large 

enhancements of fluorescence and spontaneous emission rates of molecules embedded in 

plasmonic nanoantennas with sub-10-nm gap sizes. The nanoantennas consist of colloidally 

synthesized silver nanocubes coupled to a metallic film which is separated by a 5-15 nm self-

assembled polyelectrolyte spacer layer with embedded molecules, shown schematically in figure 

1(a) and (b). Each nanocube resembles a nanoscale patch antenna whose plasmon resonance can 

be changed independent of its local field enhancement. By varying the size of the nanopatch, we 

tune the plasmon resonance by ~200 nm throughout the excitation, absorption, and emission 

spectra of the embedded molecules demonstrating giant fluorescence enhancement for antennas 

resonant with the excitation wavelength [1]. Next, we directly probe and control the nanoscale 

photonic environment of the embedded emitters including the local field enhancement, dipole 

orientation and spatial distribution of emitters. This enables the design and experimental 

demonstration of Purcell factors exceeding 1,000, shown in figure 1(c), while maintaining high 

quantum efficiency and directional emission [2]. Full-wave simulations incorporating the 

nanoscale environment accurately predict the experimentally observed emission dynamics and 

reveal design rules for future devices. Finally, progress on coupling colloidal CdSe/ZnS core-

shell quantum dots to the plasmonic nanopatch antennas will be discussed.  

 

 

 

Figure 1: Plasmonic nanopatch 

antennas. (a) Illustration of Ru 

dyes coupled to nanoantennas.  

(b) Schematic of the sample 

structure of dye molecules 

embedded in a 5-15 nm polymer 

layer and sandwiched between a 

gold film and silver nanocubes. 

(c) Gap dependence of 

fluorescence lifetime of Ru dyes 

embedded in plasmonic 

nanoantennas with gap sizes as 

indicated, adapted from [2].  

 

[1] A. Rose, T. B. Hoang, F. McGuire, J. J. Mock, C. Ciraci, D. R. Smith & M. H. Mikkelsen, “Control of 

radiative processes using tunable plasmonic nanopatch antennas”, Nano Letters 14 , 4797 (2014) 

[2] G. M. Akselrod, C. Argyropoulos, T. B. Hoang, C. Ciracì, C. Fang, J. Huang, D. R. Smith & M. H. 

Mikkelsen, “Probing the mechanisms of large Purcell enhancement in plasmonic nanoantennas”,  

Nature Photonics 8, 835 (2014) 
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Molecular Stopwatches and Cogwheels: 

Classical-like Rotation of Molecular Superrotors 
 

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  
 

 

Using the technique of an optical centrifuge, we have created a rotational quantum “cogwheel”. 

Molecular cogwheels, only recently introduced in a theoretical work, are quantum rotational wave 

packets which mimic the rotational motion of a classical object, such as a dumbbell or a cross. By 

applying the velocity map imaging method to centrifuged molecules, we study the time evolution of 

quantum cogwheel states and show both classical and non-classical aspects of their dynamics. After 

releasing O2 and D2 molecules from the centrifuge, we track their field-free rotation, as well as their 

rotation in external magnetic field. Due to the dispersion of the created rotational wave packets in oxygen, 

we observe a gradual transition between dumbbell-shaped and cross-shaped distributions, both rotating 

in a uni-directional fashion with an ultra-high rotation frequency (of up to 10 THz) controlled by the 

centrifuge. In deuterium, a much narrower rotational wave packet is produced and shown to evolve in a 

truly classical non-dispersing fashion. 

[1] Korobenko A., Milner A. A., Milner V.,  Phys. Rev. Lett., 112, 113004 (2014) 

[2] Korobenko A., Hepburn J.W., Milner V., Phys. Chem. Chem. Phys. DOI: 10.1039 (2014) 

Figure 1. Rotational dynamics of 
centrifuged oxygen molecules 
laser-excited to the rotational 
quantum state N=39. Shown is an 
illustration of the centrifuge laser 
pulse (above) and the probability 
density of O2 molecules as a 
function of the molecular angle 
and the free propagation time 
(calculation: top left, experiment: 
bottom left).  
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Plasmonic nanocavity: how small can it be? 

 

Tian Ming, Jing Kong 

Center for Excitonics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA 

 

Abstract 

A central goal of cavity quantum electrodynamics (CQED) is to control the density of optical states, in 

both space and frequency, at the location of a quantum emitter1,2. Current dielectric microcavities work 

well in spectrally confine the optical field, with quality factors up to 109. However, they can hardly 

achieve deep sub-wavelength spatial confinement, due to the diffraction limit1.  

On the contrary, plasmonic cavities can achieve sufficient spatial confinement for CQED effects such as 

enhanced spontaneous emission, despite the poor spectral confinement (low Q) that results from using 

lossy metals at optical frequencies3-5. Here we show that by carefully design the plasmonic cavity6,7, its 

effective mode volume can go below 10-6 (𝜆 𝑛⁄ )3. Despite the poor Q of ~10, the Purcell factor can go 

beyond 106, similar to the state-of-the-art microsphere cavity1. We envision plasmonic cavities as 

promising candidates for nanoscale light sources, switches, and detectors in photonic circuits.  

 

Figures: (a) plasmonic nanopatch cavity composed a metal nanoparticle sitting on a metal film spaced by 

a dielectric layer. (b) mode volume of such a nanocavity as a function of the spacer distance. (c) cavity 

Purcell factor as a function of the spacer distance.  

[1] K. J. Vahala, Nature 424, 839, (2003) 

[2] K. J. Russell, et. al. PRB 85, 245445, (2012) 

[3] S. Maier, Opt. Quant. Electron. 38, 257, (2006) 

[4] M. Kuttge, et. al. Nano Lett. 10, 1537, (2009) 

[5] T. Ming, et. al. JPCL 3, 191, (2012) 

[6] C. Ciraci, et. al. Science 337, 1072, (2012) 

[7] T. Ming, et. al. to be submitted. 
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Nonlocal plasmonic response in noble metal and 
graphene nanostructures 
 
Prof. N. Asger Mortensen 
 
Department of Photonics Engineering, Technical University of Denmark 
 
Nanoplasmonic structures may exhibit nonlocal response when shrinking their critical 
dimensions to a regime where quantum phenomena are commonly expected to become 
important. This talk will address a semi-classical hydrodynamic description as a first 
natural attempt that goes beyond the common description based on the local-response 
approximation. Including the hydrodynamic response of the Fermi gas adds an intrinsic 
length scale to the electrodynamics, thus smearing the possible development of singular 
response inherent to a local-response approximation. The theory is used to explain size-
dependent frequency shift and line broadening in individual metallic nanoparticles and 
the gap-dependent broadening in dimers [1]. Somewhat surprising, the semi-classical 
gives a good account of the plasmon dynamics even deep into the anticipated ‘quantum 
regime’ where dimers separated by sub-nanometer gaps. Turning to graphene flakes, we 
compare semiclassical and quantum descriptions of the plasmon response, focusing again 
on the size-dependence of plasmonic resonances. In particular, we find that nonlocal 
effects in absorption cross sections scale similarly with size as do effects of quantum 
mechanical edge states [2]. Interestingly, atomic-scale details and edge-state 
contributions are important for the optical properties even for graphene flakes as large as 
20 nanometers [3]. 
 
References: 
 
[1] N.A. Mortensen, S. Raza, M. Wubs, T. Sondergaard, and S.I. Bozhevolnyi, "A 
generalized non-local optical response theory for plasmonic nanostructures", Nature 
Communications 5, 3809 (2014) 
 
[2] T. Christensen, W. Wang, A.-P. Jauho, M. Wubs, and N.A. Mortensen, "Classical and 
Quantum Plasmonics in Graphene Nanodisks: the Role of Edge States", arXiv:1407.3920 
 
[3] W. Wang, T. Christensen, A.-P. Jauho, K.S. Thygesen, M. Wubs, and N.A. 
Mortensen, "Plasmonic eigenmodes in individual and bow-tie graphene nanotriangles", 
arXiv:1410.0537 
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A plasmonically operated liquid junction photovoltaic 

consists of two FTO electrodes, one of which is coated with 

Au nanoparticles (Au-NPs) coated with thin layers of TiO2 

and TiN; the other with Pt nanoparticles (Pt-NPs). These two 

surfaces are sealed so as to form a 25 μm well into which the 

liquid electrolyte (0.1 M I2, 0.1 M lithium iodide (LiI), 0.6 M 

tetrabutylammonium iodide in acetonitrile) was injected. On 

illumination with white light, hot electrons formed pursuant 

to surface plasmon excitation of the Au-NPs reduce triiodide 

to iodide, which diffuses to the Pt-NPs where the reverse 

reaction takes place. The current-voltage characteristics of the 

cell yielded the following values: JSC=46 A cm
-2

; VOC=0.24 

V and a fill factor of 0.48. 

Plasmons as photonic intermediaries in redox photochemistry 

Woo-ram Lee, Syed Mubeen, Galen D. Stucky and Martin Moskovits  

Department of Chemistry and Biochemistry, University of California, Santa Barbara, CA 93106-

9510 

That the conduction electrons inhabiting 

nanostructured metals and other 

conductors can sustain resonances 

involving the coherent, collective 

dynamics of the electrons – plasmon 

resonances – has been known and 

understood for the better part of a 

century. These resonances can store 

great quantities of energy, which on 

dephasing can result in numerous 

energetic electrons (and holes) which 

thermalize by electron-phonon 

interactions over a few picoseconds. A 

great deal of research has recently been 

undertaken by dozens of groups world-

wide in which these hot electrons and 

holes have been used to carry out 

chemistry, and to produce such hot 

electron phenomena as enhanced 

photoemission from plasmonic systems.  

The efficiency of such processes are 

now understood to involve multiple 

properties and steps, each of which can 

be rate limiting. The potential now exists for choosing plasmonic nanostructures that perform 

double duty: as light absorbers and charge carrier sources, and as appropriate surfaces providing 

the surface-chemical and/or catalytic opportunities where desirable redox reactions can take 

place. One possible embodiment of this concept is to use the plasmonically-driven redox process 

as an intermediary redox process for driving a liquid junction photovoltaic cell.
1 

1. Woo-ram Lee, Syed Mubeen, Galen D. Stucky and Martin Moskovits, A plasmon enabled liquid-

junction photovoltaic cell, Faraday Discussion, 178, 2014 
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Boson-sampling with non-Fock states

Keith R. Motes,1, ∗ Peter P. Rohde,1 Kaushik P. Seshadreesan,2 Jonathan P.

Olson,2 Paul A. Knott,3, 4 William J. Munro,4 and Jonathan P. Dowling2

1Centre for Engineered Quantum Systems, Department of Physics and Astronomy,
Macquarie University, Sydney NSW 2113, Australia

2Hearne Institute for Theoretical Physics and Department of Physics & Astronomy,
Louisiana State University, Baton Rouge, LA 70803

3School of Physics and Astronomy, University of Leeds, Leeds LS2 9JT, United Kingdom
4NTT Basic Research Laboratories, NTT Corporation,

3-1 Morinosato-Wakamiya, Atsugi, Kanagawa 243-0198, Japan

Boson-sampling is a highly simplified, but non-
universal, approach to linear optics quantum comput-
ing (LOQC) [1]. Whilst not universal, it was shown by
Aaronson & Arkhipov [2] to be a computationally hard
problem. The hardness relates to the fact that each am-
plitude γS is proportional to a matrix permanent, which
is computationally hard to classically calculate. This is
of great practical interest as conventional approaches to
LOQC might require millions of photons to implement
a post-classical algorithm, whilst boson-sampling may
only require approximately twenty.

The boson-sampling model has n photons prepared
in m = O(n2) optical modes. The input state,

|ψin〉 = â†1 . . . â
†
n|01, . . . , 0m〉 is evolved via passive lin-

ear optics (beamsplitters and phase-shifters), which im-

plements a unitary map Û â†i Û
† =

∑
j Ui,j â

†
j . The out-

put state is a large superposition of photon-numbers,

of the form |ψout〉 =
∑

S γS |n
(S)
1 , . . . , n

(S)
m 〉, where S is

a photon-number configuration, n
(S)
i is the number of

photons in the ith mode associated with configuration
S, and γS is the associated amplitude. Finally, the out-
put state is sampled via photodetection, which obtains
the probability distribution P (S) = |γS |2. For a dia-
grammatic representation of boson-sampling see Fig. 1.

A logical next question is ‘are there other quantum
states of light, which also yield computationally hard
sampling problems?’ Here we address this problem by
showing that three other classes of quantum states of
light yield computationally hard sampling problems.

The first is photon-added coherent states (PACS) [3],
which are of the form â†|α〉, where |α〉 is a coherent
state of amplitude α. In this case, the input state to our

multi-mode device is |ψin〉 = â†1 . . . â
†
n|α1, . . . αm〉. This

derivation is subject to the constraint |α| < 1/poly(n).

The second are photon-added or subtracted
squeezed vacuum (PASSV) states [4], which are

of the form â†Ŝ(ξ)|0〉 and âŜ(ξ)|0〉 respectively.

Ŝ(ξ) is the squeezing operator with squeez-
ing parameter ξ. The input state considered is

â†1Ŝ1(ξ) . . . â†nŜn(ξ)Ŝn+1(ξ) . . . Ŝm(ξ)|01 . . . 0m〉.

U

. . 
.

. . 
.

. . 
.

. . 
.

FIG. 1: The boson-
sampling model for
quantum computa-
tion.

The third state is ‘cat states’
[5] – superpositions of coher-
ent states – which are of
the form |cat〉 =

∑
i λi|αi〉. We

show that in the small am-
plitude limit, cat states are
provably hard. In the limit of
larger amplitudes we present
strong evidence that the prob-
lem is computationally hard by
connecting the output ampli-
tudes to a permanent-like func-
tion. This limit is particularly
interesting because these are
macroscopic states, suggesting
that, in general, quantum com-
putational hardness applies to

macroscopic quantum systems.

[1] E. Knill, R. Laflamme, and G. Milburn, Nature 409, 46
(2001).

[2] S. Aaronson and A. Arkhipov, Proc. ACM STOC (New
York) p. 333 (2011), arXiv:1011.3245.

[3] K. P. Seshadreesan, J. P. Olson, K. R. Motes, P. P. Ro-
hde, and J. P. Dowling, arXiv:1402.0531 (2014).

[4] J. P. Olson, K. P. Seshadreesan, K. R. Motes, P. P. Ro-
hde, and J. P. Dowling, arXiv:1406.7821 (2014).

[5] P. P. Rohde, K. R. Motes, P. Knott, W. Munro, and J. P.
Dowling, arXiv:1310.0297 (2013).
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[1] – S. Aaronson and A. Arkhipov, The Computational Complexity of Linear Optics, in Proceedings of 
STOC 2011, 333-342. 
 

Exploiting Boson Probability Distributions in Staggered Beam Splitter Arrays 

Todd Moulder, Louisiana State University, Physics and Astronomy, QST 

  The idea of using quantum mechanics for computations has been around for decades, but we are still 

working towards constructing methods and devices that utilize quantum effects for functionality.  

  In 2011, Scott Aaronson concluded that a linear-optical computer could be simulated efficiently by 

“ordinary” quantum computers [1].  The research presented here aims to simulate possible linear-

optical computer conditions for the purpose of developing theoretical understanding and experimental 

techniques for implementation.  Furthermore, the staggered beam splitter boson walk requires 

exponential calculations to accurately describe the probable outcome of the boson travelling through 

this linear-optical network.  Harnessing this apparent exponential time calculation required for 

polynomial time boson travel can potentially grant us access to polynomial-time calculations of what we 

currently see as exponential-time problems. 

 

Fig 1 ) A Staggered Beam Splitter Array ( Also known as, Beam Splitter Pyramid ) 

  An object-oriented design simulation was produced to give a step-by-step look at the evolution of 

simple systems.  Additionally, a theoretical numerical solution was produced to investigate more 

complex systems with additional phase shifter effects.   

  Linear-optical systems are indeed infeasible to simulate on classical computers, but probability 

distributions for varied systems do provide a “signature” dependent on system parameter.  These 

effects can be attributed to interference between wave-functions for the boson(s) and may be unique to 

some degree.  

 

Fig 2 )  Probability Distribution for a five-level Pyramid with 1 photon in the left input at                                                                                                                                                     

the root beam splitter and vacuum state in the right input. 

  Possible exploitation techniques are being considered for the varied probability distributions and their 

parameters to utilize the “Boson Staggered Beam Splitter Walk” for computing problems that involve 

exponential increases related to the size of the data.  For the purposes of understanding and teaching, 

visualization techniques will be applied to the simple, step-by-step simulations to illuminate patterns 

with visual cues; such as, color, hue, etc. 
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Backward lasing from femtosecond filaments

Yi Liu, Sergey Mitryukovskiy, Pengji Ding, Aurélien Houard and André Mysyrowicz,

Laboratoire d’Optique Appliquée, ENSTA-Paristech/CNRS/Ecole Polytechnique, 
828, Chemin des Maréchaux, Palaiseau, F-91762, France a

E-mail: andre.mysyrowicz@ensta-paristech.fr

Abstracts: The stimulated emission obtained from the filamentation of a 
femtosecond laser pulse is discussed. The crucial role of pump laser 
polarization is emphasized.

We discuss our recent experimental results concerning the backward stimulated emission 
from a filament in nitrogen at atmospheric pressure [1, 2]. Backward stimulated emission 
at 337 nm is observed with a circularly polarized femtosecond laser pump pulse at 800 
nm. Population inversion is achieved between the C3Πu and B3Πg states of neutral 
nitrogen molecules through inelastic collisions between energetic free electrons and 
neutral N2 molecules. Free electrons of adequate energy are obtained at the end of the 
pump pulse with circularly polarized pump laser pulses only. Upon injection of a seed 
pulse, amplification by two orders of magnitude is achieved in the plasma filament. The 
amplified emission acquires the polarization properties of the seed pulse. 

Spatial	profile	of	 the	backward	ASE	 (a),	 the	seed	pulse	 (b),	and	 the	amplified	337	nm	
radiation	(c).	The	opening	angle	of	each	panel	is	12.5	mrad	×	10	mrad.

References:
[1] S. Mitryukovskiy, Y. Liu, P. Ding, A. Houard and A. Mysyrowicz, Optics Express 22, 12750 
(2014).
[2] P. Ding, S. Mitryukovskiy, A. Houard, E. Oliva, A. Couairon, A. Mysyrowicz and Y. Liu, Opt. 
Express. 22, 29964 (2014).
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Quantitative superresolution microscopy reveals a dimerization-dependent signaling 
mechanism of Ras 

Xiaolin Nan 
Department of Biomedical Engineering, Oregon Health and Science University, Portland, OR 97201 

We describe our recent findings on mutant Ras-driven oncogenic signaling using quantitative 
superresolution fluorescence microscopy. The small GTPase Ras resides on the inner cell membrane and 
regulates of growth, survival, and other vital cellular functions through downstream signaling pathways 
including Raf/MAPK and PI3K/Akt. Mutation activated Ras is a potent oncogenic driver frequently 
associated human cancer. Despite intensive research, targeted cancer therapy against Ras and its 
downstream effectors have had limited success, urging a more detailed investigation on the molecular 
mechanisms regulating Ras-mediated oncogenesis. Here we employ quantitative photoactivated 
localization microscopy (PALM), a recent single molecule super-resolution imaging technique, to study 
the molecular organization of Ras and its effectors Raf and PI3K under various signaling conditions.  We 
first demonstrate that PALM provides sufficient spatial and stoichiometric resolution to resolve individual 
proteins, protein dimers as well as multimers in intact mammalian cells. Next, we show that mutant Ras 
forms dimers under conditions that activate the Raf/MAPK and/or the PI3K/Akt pathways. While 
monomeric Ras fails to activate Raf/MAPK or PI3K/Akt, artificial dimerization of monomeric Ras is 
sufficient to activate these pathways. Involvement of Ras dimers in these signaling processes are also 
supported by PALM measurements in combination with live-cell single molecule tracking (smt-PALM) 
and bimolecular fluorescence complementation (BiFC-PALM). Lastly, the Raf kinase forms dimers when 
recruited to the membrane and activated by mutant Ras. Similarly, small molecule kinase inhibitors of 
Raf paradoxically activate Raf/MAPK in Raf-wild type tumors also by inducing Raf dimer formation. 
Taken together, these results strongly suggest that mutant Ras drives downstream pathway activation 
through a dimerization-dependent mechanism, which provides the molecular basis of new therapeutic 
strategies targeting mutant Ras. 

References  

1. Nan, XL; Collisson, EA; Lewis, S; Huang, J; Tamguney, TM; Liphardt, JT; McCormick, F; Gray, JW; Chu, S. 
Single-molecule superresolution imaging allows quantitative analysis of RAF multimer formation and signaling. 
PNAS, 110(46), 18519-24 (2013).  

2. Nickerson, A; Huang, T; Lin, LJ; Nan XL. Photoactivated localization microscopy with bimolecular 
fluorescence complementation (BiFC-PALM) for nanoscale imaging of protein-protein interactions. Plos One, 
9(6), e100589 (2014).  

3. Nan, XL; Meyer-Tamguney, T; Collisson, EA ; Lin, LJ; Pitt, C; Galeas, J; Lewis, S; Gray, JW; McCormick, F; 
Chu, S. Ras-GTP dimers activate the mitogen-activated protein kinase (MAPK) pathway. PNAS, accepted. 
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First principles calculations for surface plasmon decay
dynamics in nanostructured systems

Prineha Narang1,3*, Ravishankar Sundararaman1, Adam S. Jermyn1, 2,
William A. Goddard III1,4, and Harry A. Atwater1,3

1Joint Center for Artificial Photosynthesis, California Institute of Technology
2Division of Physics, Mathematics and Astronomy, California Institute of Technology

3Thomas J. Watson Laboratories of Applied Physics, California Institute of Technology

The decay of surface plasmon resonances is usually a detriment in the field of plasmonics,
but the possibility to capture the energy normally lost to heat would open new opportunities
in photon sensors and energy conversion devices. In the context of hot-electron devices,
the large extinction cross-section at a surface plasmon resonance enables nanostructures to
absorb a significant fraction of the solar spectrum in very thin films. Despite the significant
experimental work in this direction, a complete theoretical understanding of plasmon-driven
hot carrier generation with electronic structure details has been elusive. Theoretical studies
of plasmonic systems have traditionally focused on their optical response, including quantum
jellium models of nanostructured systems. While extremely valuable, these models do not
capture the material dependence of this process and miss interband transitions in noble metals.

Recently we analyzed the quantum decay of surface plasmon polaritons and found that the
prompt distribution of generated carriers is extremely sensitive to the energy band structure
of the plasmonic material.

In this context, we use a Feynman diagram approach to describe processes involving plas-
mons, electrons and phonons in plasmonic hot carrier generation. Built upon this general
theoretical and computational framework, we present results for Cu, Ag and Au on higher
order processes such as multi-plasmon decays in metals that are critical for plasmon-driven
upconversion. We discuss the implications of multi-plasmon decays on design of hot carrier
devices and plasmon-driven chemistry applicatons.

Finally we provide a first-principles model of energy-dependent transport based upon the
linearized Boltzmann equation with the diffusive and ballistic regimes handled separately, and
investigate the role of geometry and surfaces on plasmonic hot carrier collection.

Schematic of plasmonic hot carrier generation and injection
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Figure 1: (a) Schematic for optical excitation of surface plasmons followed by decay to hot carriers,
(b) tunneling of plasmonic hot electrons from gold through a Schottky barrier into n-type Gallium
Arsenide using our predicted carrier distribution combined with typical experimental band offsets
and (c) barrier-less injection of plasmonic hot holes from gold into p-type Gallium Arsenide.1
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Dynamical Decoupling for Sensing Applications

S. A. DeSavage1, D. A. Braje2, J. P. Davis1, and F. A. Narducci1∗
1 EO Sensors Division, Naval Air Systems Command, Patuxent River, MD. 20670

2 Quantum Information and Integrated Nanosystems Group, MIT Lincoln Laboratory, Lexington, MA 02420

We report on our continued studies of dynamical decoupling in noisy magnetic channels of an atom interferom-
eter [1]. We have compared spin-echo [π/2x−πx−π/2x] and the so-called XY pulse sequences [π/2x−πy−π/2x]
on both magnetically sensitive and magnetically insensitive transitions. By performing a Ramsey interfero-
metric measurement on the clock transition, we find coherence times exceeding 1 millisecond. Alternatively,
the coherence time on a magnetic transition (performed in an unshielded metal canister) is typically about
100 microseconds. We can extend the time we see interference to approximately 800 microseconds using a
standard spin echo pulse sequence (see Fig. [1(a)]). However, this sequence is sensitive to pulse errors. These
pulse errors are caused by physical constraints of the experiment such as the spatial profile of the lasers gen-
erating the Raman pulses and by the magnetically noisy environment of the laboratory. The XY protocol can
have reduced sensitivity to pulse errors and we demonstrate an enhancement of the interference time to 900
microseconds with this protocol (see Fig. [1(b)]). We report on new experiments in a glass cell with atoms
in flight. By measuring the Raman spectra at the top and bottom of the toss, we demonstrate a gradient
magnetometer.

FIG. 1: (a) Typical measurement using a standard spin echo pulse sequence (b) Typical measurement using a XY pulse
sequence

[1] D.A. Braje, S.A. DeSavage, C.L. Adler, J.P. Davis and F.A. Narducci, “A frequency selective atom interferometer
magnetometer,” Journal of Modern Optics, 61, 61, (2014).

[2] S. Meiboom and D. Gill, “Modified spin echo method for measuring nuclear relaxation times,” Review of Scientific
Instruments, 29, 688, (1958).
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Photonic Hypercrystals

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
hypercrystals. 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.

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 ei-
ther 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.

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

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 (εnετ < 0) lead to a hyperbolic dispersion
of TM-polarized propagating waves k2

τ
εn
+ k2

n
ετ

= ω2

c2 , 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 hypercrystal to its effective medium counterpart. Note that this system is well within what is generally
considered the metamaterial limit, as the spatial period of the hypercrystal is below one tenth of the corresponding
free-space wavelength in the entire frequency range shown in Fig. 1.

This work was supported by the ARO MURI, NSF Center for Photonics and Multiscale Nanomaterials, and Gordon
and Betty Moore Foundation.
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Stoner Ferromagnetism in a spin-1/2 thermal Bose gas

Stefan S. Natu1, ∗

1Condensed Matter Theory Center and Joint Quantum Institute, Department of Physics,
University of Maryland, College Park, Maryland 20742-4111 USA

The notion of competing orders is fundamental to our understanding of strongly correlated systems.
One such example is the interplay between magnetism and superconductivity or superfluidity. While
superconductivity expels magnetic fields in weakly coupled systems, in strongly correlated materials,
superconductivity and magnetism are often in close proximity to one another, and one order appears
as the other disappears. While most of these phenomena occur at low temperatures due to quantum
fluctuations, thermal fluctuations can also lead to the appearance of intermediate phases, which break
fewer symmetries compared to the fully ordered low temperature state. In this talk, I will discuss the
interplay between superfluidity and magnetism in a pseudo-spin-1/2 Bose gas. Remarkably, at finite
temperatures, near the Bose condensation transition, strong interactions give rise to magnetism even in
the absence of superfluidity. This is a bosonic analog of the well known Stoner ferromagnetic transition
in itinerant electrons.

I will also show how interactions can lead to other exotic phases such as a Bardeen Cooper Schrieffer-like
paired state for bosonic systems. While this phase is less ordered compared to the Bose condensate and
is typically unfavored at low temperatures, thermal fluctuations allow for the appearance of such a state.
I will discuss the implications of these results to ongoing experiments on strongly correlated bosonic
gases.

FIG. 1: (color online) Itinerant Ferromagnetism in a pseudo-spin-1/2 Bose gas – Intra-species interactions
are repulsive, while the inter-species interaction g↑↓ varies. Tc is the ideal gas Bose condensation temperature
(only T > Tc is shown), a↑↓ is the inter-species scattering length, and n is the total density. For |g↑↓| greater
than a critical value, system develops ferromagnetic order in z-direction (ZFM)/x − y plane (TFM) above the
superfluid transition. Dashed line shows the transition between the normal unpolarized state (UN) and the paired
state. TFM is always favored over pairing in 3D.
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Power enhancement of heat engines via correlated
thermalisation in multilevel systems

D. Gelbwaser-Klimovsky1∗, W. Niedenzu1∗, P. Brumer2 and G. Kurizki1
1Department of Chemical Physics, Weizmann Institute of Science, Rehovot 7610001, Israel

2Chemical Physics Theory Group, Department of Chemistry and Centre for Quantum Information and
Quantum Control, University of Toronto, Ontario M5S 3H6, Canada

∗These authors contributed equally to this work.

Fig. 1: Upper plot: Principle of a heat engine: Heat flows
from the hot bath to the cold bath and work is extracted
via a piston. Lower plot: An N -level system permanently
coupled to a cold (dashed blue arrows) and a hot (solid
red arrows) heat bath. The degenerate upper states are
periodically modulated by an external field, which mim-
ics the behaviour of a classical piston.
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Fig. 2: Power enhancement for an 11-level system with
respect to a single two-level system as a function of the in-
verse effective thermalisation temperature for various di-
pole configurations and assuming no initial overlap with
dark states.

We analyse a heat machine based on a periodically-driven quantum system permanently coupled
to a cold and a hot bath. Its implementation with a single two-level system has been shown to
exhibit universal behaviour, i.e. being on demand operable either as a heat engine or a refrigerator
by adjusting a certain system parameter [1]. Here we extend this formalism to a degenerate V -type
N -level heat machine (Fig. 1) operated at steady state of the corresponding master equation [2].
Depending on the geometrical configuration of the various dipole transition vectors, this steady-
state solution can exhibit quantum coherences. We show that their appearance is caused by
the existence of dark states, which may hinder full thermalisation. It is therefore not possible
to directly link steady-state coherences to a better performance of the presented heat machine.
Indeed, we find that the maximal power output is that generated by N − 1 independent two-level
systems (Fig. 2), which corresponds to the number of thermalisation pathways. The efficiency
of the heat machine, however, is not affected. We thus conclude that multilevel degeneracy is a
thermodynamic resource.
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Quantum Plasmonics and Hot-Electron Science 

Peter Nordlander  
Laboratory for Nanophotonics 

Department of Physics and Astronomy 
 Rice University, Houston, TX 77251, USA 

  
Plasmon resonances with their dramatically enhanced cross sections for light harvesting 
can serve as efficient generators of hot electrons and holes. Such hot carriers can be 
exploited in a wide range of photophysical and photochemical processes many of which 
will be discussed in this year’s PQE symposium on “Quantum Plasmonics and Hot 
Electron Science”. The physical mechanism for plasmon-induced hot carrier generation is 
plasmon decay. Plasmons can decay either radiatively or non-radiatively. The branching 
ratio between these two decay channels can be controlled by tuning the radiance of the 
plasmon mode. Non-radiative plasmon decay is a quantum mechanical process in which 
one plasmon quantum is transferred to the conduction electrons of the nanostructure by 
excitation of an electron below the Fermi level into a state above the Fermi level but 
below the vacuum level.  In my talk I will discuss the basic mechanism of 
plasmon-induced hot carrier formation [1] and how hot carrier can induce a variety of 
applications ranging from photodetection,[2] photocatalysis,[3] and to dope or induce 
phase changes in nearby media.[4] 
 
 
[1] A. Manjavacas et al., ACS Nano 8(2014)87630 
[2] M. W. Knight et al., Science 332(2011)702; Nano Lett. 13(2013)1687;  
  Z.Y. Fang et al., Nano Lett 12(2012)3808; A. Sobhani et al., Nat. Comm. 4(2013)1643  
[3] S. Mukherjee et al., Nano Lett. 13(2013)240; J. Am. Chem. Soc. 136(2014)64 
[4] Z.Y. Fang et al., ACS Nano 6(2012)10222; Y. Kang et al., Adv. Mat 26(2014)6467 
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"Theory behind: super-radiance and sideband emission with 

strong picosecond pumping of dense Rubidium"  
A. Traverso1,2, C. O'Brien1, B. Hokr1,2, L. Yuan1, J. Bixler2, G. I. Petrov2, V. V. 

Yakovlev1,2, M.O. Scully1,3,4 
1 IQSE and Physics Department, Texas A&M University 

2 Biomedical Engineering, Texas A&M University 
3 Physics Department, Princeton University 

4 Physics Department, Baylor University 
 

A recent series of experiments at Texas A&M University has observed sideband emission at the effective 

Rabi frequency as well as super-radiant emission in both the forward and backward direction from a 

dense Rubidium cell pumped by a very strong pico-second pulse. The forward and backward emission 

spectrum was collected as the pump pulse was scanned over resonance of the D2 and D1 lines. There 

are a number of interesting observations that can be made through analysis of these spectrums. The 

most intriguing of which, is the possible observance of super-radiant emission at the sideband frequency, 

which while not due to a parametric difference resonance is still reminiscent of processes such as 

QASER1. I will give an overview of the theoretical analysis of the experiment.  As well as discuss 

numerical simulations which attempt to reproduce the results. 

 

 

 

 

 

 

 

 

Figure: (a) Simulation of forward emission, under the conditions of strong driving, showing 

generation of sidebands. Inset shows the non-adiabatic pumping field. (b) Corresponding 

simulation of backward emission, showing gain and a sideband.  

 
1 A. A. Svidzinsky, L. Yuan, M. O. Scully, PRX 3, 041001 (2013).  
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Hybrid Atom-Light Interferometers 
 

Z. Y. Jeff Ou*, Indiana University-Purdue University Indianapolis 
Liqing Chen and Weiping Zhang, East China Normal University 

*zou@iupui.edu 
 
Conventional interferometers involve coherent splitting and recombination of waves of the 
same type, such as light wave, neutron and atom/molecule matter wave interferometers. A 
non-conventional interferometer utilizes nonlinear processes such as parametric processes 
to replace traditional coherent beam splitters for wave splitting and recombination, as 
shown in the figure. For non-conventional interferometers involving nonlinear processes, 
there are two important features that are different from conventional interferometers.  The 
first one is that the nonlinear interaction leads to quantum noise correlation that can be used 
for noise reduction. The second one is that the nonlinear process couples waves of different 
type. So, the coherently split waves may not be the same type.  
 

 
Figure (a) A conventional interferometer with linear coherent beam splitters (BS). (b) A non-
conventional interferometer with parametric amplifiers (PA) as the beam splitting elements. 

 
In this talk, we will review a specific interferometer scheme, the so called SU(1,1) 
interferometer [1-4], with parametric amplifiers as the beam splitters. A new paradigm for 
quantum interferometry is found that the signal of noise ratio of the interferometer is 
increased by the signal enhancement rather than the noise reduction in the squeezed state 
interferometry. We will discuss an experiment using the Raman process in Rb atom cell as 
the parametric amplifiers for the beam splitters in the construction of the interferometer. It 
is known that a Raman process in an atomic ensemble involves a strong pump field 
interacting with the atomic medium and produces a Stokes light field together with a 
correlated atomic spin excitation wave (also known as atomic pseudo-spin wave).  So, this 
new interferometer has atom in one path and light in another path to form a hybrid atom-
light interferometer. It is observed that the high-contrast interference fringe is sensitive to 
the optical phase via a path change as well as the atomic phase via a magnetic field change. 
This new atom-light hybrid interferometer should find wide applications in precision 
measurement, quantum control with atom and photon. 
 
[1] B. Yurke, S. L. McCall, and J. R. Klauder, Phys. Rev. A33, 4033 (1986). 
[2] Z. Y. Ou,  Phys. Rev. A85, 023815 (2012). 
[3] J. Jing et al,  Appl. Phys. Lett. 99, 011110 (2011). 
[4] F. Hudlist et al,  Nature Comm. 5, 3049 (2014). 
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Ultrafast	  plasmonic	  lasers	  at	  the	  surface	  plasmon	  frequency	  
Themistoklis	  P.	  H.	  Sidiropoulos1*,	  Robert	  Röder²,	  Sebastian	  Geburt²,	  	  

Ortwin	  Hess1,	  Stefan	  A.	  Maier1,	  Carsten	  Ronning²,	  and	  Rupert	  F.	  Oulton1*	  
1.	  Imperial	  College	  London,	  Prince	  Consort	  Road,	  UK-‐SW7	  2BZ	  London,	  United	  Kingdom	  

2.	  University	  of	  Jena,	  Max-‐Wien-‐Platz	  1,	  D-‐07743	  Jena,	  Germany	  
*Contact:	  r.oulton@imperial.ac.uk	  and	  t.sidiropoulos10@imperial.ac.uk	  

Light-‐matter	   interactions	  are	  generally	  slow	  as	  the	  wavelengths	  of	  optical	  and	  electronic	  states	  differ	  greatly.	  
Surface	   plasmon	   polaritons,	   the	   electromagnetic	   excitations	   at	   metal-‐dielectric	   interfaces,	   have	   generated	  
significant	   interest	   because	   their	   spatial	   scale	   is	   decoupled	   from	   the	   vacuum	   wavelength,	   promising	  
accelerated	   light-‐matter	   interactions.	   In	  principle,	   the	  acceleration	  of	   the	  dynamics	   in	  recently	  demonstrated	  
surface	  plasmon	  lasers1	  can	  also	  be	  achieved2.	  In	  this	  talk,	  we	  report	  the	  observation	  of	  sub	  picosecond	  pulses	  
from	  plasmonic	  zinc	  oxide	  (ZnO)	  nanowire	   lasers3.	  Operating	  at	  room	  temperature,	  ZnO	  excitons	   lie	  near	  the	  
SPP	  frequency	   in	  such	  silver-‐based	  plasmonic	   lasers,	   leading	  to	  accelerated	  spontaneous	  recombination,	  gain	  
switching,	  and	  gain	  recovery	  compared	  to	  conventional	  non-‐plasmonic	  ZnO	  nanowire	  lasers.	  	  

The	  plasmonic	  lasers	  consist	  of	  ZnO	  nanowires	  separated	  from	  a	  Silver	  substrate	  by	  a	  thin	  10	  nm	  LiF	  gap	  layer	  
in	  a	  so-‐called	  hybrid	  geometry.	  The	  nanowires	  were	  optically	  pumped	  (150	  fs	  pulses	  @	  800	  KHz)	  at	  355	  nm	  and	  
their	   emission	  was	  monitored	   spectrally	   at	   room	   temperature	   (Fig.	   1a).	   Evidence	   for	   the	   lasing	  of	  plasmonic	  
modes	  arises	  from	  a	  range	  of	  tests	  including	  emission	  polarization,	  reduced	  cut-‐off	  diameter	  where	  laser	  action	  
ceases	  as	  well	  as	  temporal	  dynamics.	  	  

We	  have	  measured	  the	  temporal	  characteristics	  of	  these	  plasmonic	  lasers	  using	  a	  novel	  double-‐pump	  approach	  
that	  exploits	  the	  natural	  non-‐linearity	  of	  the	  laser	  itself	  to	  expose	  its	  own	  dynamics.	  We	  find	  that	  gain	  recovery	  
times	   in	  the	  very	  smallest	  diameter	   lasers	  can	  on	  ~1	  ps	  time	  scales	   (Fig.	  1b).	  Furthermore,	  we	  see	  extremely	  
strong	  acceleration	  of	  the	  optical	  processes	  with	  decreasing	  nanowire	  diameter	  for	  plasmonic	  lasers	  consistent	  
with	   increasing	   mode	   confinement.	   Nanowires	   without	   a	   metal	   substrate	   however,	   become	   slower	   with	  
decreasing	  nanowire	  diameter,	  which	  we	  attribute	  to	  the	  loss	  of	  mode	  confinement.	  	  

	  
Figure	  1:	  a)	  shows	  the	   laser	  spectrum	  for	  a	   typical	  plasmonic	  and	  photonic	  nanowire	   laser.	  The	   inset	  shows	  the	   light	  –	   light	  curve	  of	  
these	  two	  lasers.	  (b)	  Comparison	  of	  the	  speed	  of	  plasmonic	  and	  photonic	  lasers	  with	  varying	  diameters.	  

Our	  study	  shows	  that	  plasmon	  pulses	  can	  be	  as	  fast	  as	  gain	  the	  thermalization	  process	  of	  excitons	  in	  ZnO	  (<800	  
fs),	  which	  seems	  to	  preclude	  lasing	  in	  the	  thinnest	  and	  fastest	  devices	  (diameter	  <	  120	  nm).	  The	  capability	  to	  
combine	  surface	  plasmon	  localization	  with	  ultrafast	  amplification	  provides	  the	  means	  for	  generating	  extremely	  
intense	   optical	   fields	   with	   applications	   in	   sensing,	   non-‐linear	   optical	   switching,	   as	   well	   as	   potentially	   in	   the	  
physics	  of	  strong	  field	  phenomena.	  
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Using Femtosecond Pump-Probe Microscopy to Visualize Carrier Dynamics 
in Semiconductor Nanowires 

 
John M. Papanikolas 

Department of Chemistry, University of North Carolina at Chapel Hill, Chapel Hill, NC, USA 
 
A detailed understanding of the factors that govern the motion of mobile charge carriers through 
nanostructures is critical to many emerging nanotechnologies in electronics, optoelectronics and solar 
energy conversion. While the motion of charge carriers at low carrier densities is uncorrelated and easy to 
understand, many active electronic components operate at high carrier concentrations resulting from heavy 
doping or high injection.  In this regime, carrier-carrier interactions and other many body effects (e.g. 
dopant/carrier interactions, electron screening, and electron-hole scattering) must be considered. We have 
combined ultrafast pump-probe spectroscopy with optical microscopy [1, 2] to directly image the charge 
carrier dynamics in individual Si nanowires (NWs) with both spatial and temporal resolution. 

 
In these experiments, an individual NW is excited by a 425 nm femtosecond pump pulse that has been 
focused to a diffraction limited spot (350 nm) by a microscope objective, producing photogenerated carriers 
(electrons and holes) in a localized region of the structure. After a well-defined delay, pump-induced 
changes to the transmission of an 850 nm probe pulse are detected. Motion of the photogenerated carriers 
is observed using a spatially-separated pump-probe configuration, in which carriers are created in one 
location and detected in another, allowing direct imaging of charge carriers as move away from the 
excitation spot. In this configuration the pump beam is held fixed and the position of the probe beam is 
scanned by varying the angle of the probe beam as it enters the objective (Fig 1A), resulting in a spatial 
map of the photoinduced transparency (and the free carriers) at a specified pump-probe delay. Images 
collected at a series of delays shows the spatial-temporal evolution of the charge cloud following excitation, 
providing a direct visualization of carrier diffusion in undoped NWs (Fig. 1B) and charge separation in a 
Si NW encoded with a p-type/intrinsic/n-type (p-i-n) junction (Fig. 1C). 
 
1. Gabriel, M. M. et al. “Direct Imaging of Free Carrier and Trap Carrier Motion in Silicon Nanowires by 

Spatially-Separated Femtosecond Pump-Probe Microscopy”, Nano Lett. 2013, 13, 1336-1340. 
2. Gabriel, M. M. et al. “Imaging Charge Separation and Carrier Recombination in Nanowire p-i-n 

Junctions Using Ultrafast Microscopy”, Nano Lett. 2014, 14, 3079-3087. 
 

Figure 1. Imaging of 
charge carrier motion in 
individual Si nanowires. 
(A) Schematic 
illustration of spatially 
separated scanning. 
SSPP microscopy 
images depicting (B) 
carrier diffusion in an 
undoped Si nanowire 
and (C) charge 
separation in a Si NW 
encoded with an axial p-
i-n junction. 

Speaker: John Papanikolas
Session: Femtosecond nanoscopy
Schedule: Tuesday evening invited session

PQE-2015 235



Coherent octave-span microresonator frequency combs 
 
Scott B. Papp1, Scott A. Diddams1, Kerry Vahala2, Katja Beha1, Pascal 
Del’Haye1, Daniel C. Cole1, Aurélien Coillet1 
1National Institute of Standards and Technology, Boulder, CO 80305 
2California Institute of Technology, Pasadena, CA 91125 
 
Modelocked-laser frequency combs have revolutionized optical frequency 
metrology and precision time keeping by providing an equidistant set of absolute 
reference lines that span in excess of an octave. Their typically sub-GHz 
repetition frequency and <100 fs optical pulses enable nonlinear broadening for 
self-referencing, and feature among the highest spectral purity of any oscillator.  

Frequency combs generated from a CW laser via parametric nonlinear 
optics in microcavities (microcombs) and electro-optic modulation (EOM) [1] are 
interesting new platforms for experimenters. The 10’s of GHz or higher repetition 
frequency and the offset frequency of such combs are tunable to match a fuller 
range of comb applications in communications, metrology, arbitrary waveform 
generation, and quantum information. Moreover, the physics of comb generation 
in microcombs [2] and EOM combs [3] offers access to novel regimes of spectral 
phase apart from requirements of modelocking.  

An important goal for microcombs and EOM combs is self-referencing to 
connect microwave and optical frequencies. In this talk, we report on the first 
coherent octave-span combs with both technologies, and on experiments that 
use these spectra. The figure below shows a simplified apparatus diagram for our 
EOM comb and microcomb systems. We have refined a two-stage nonlinear fiber 
(HNLF) broadening approach and applied it to both combs. The plot at right 
shows data traces of the resulting octave-span spectra. 

 

 
References 
[1]  H. Murata, A. Morimoto, T. Kobayashi, and S. Yamamoto, IEEE J. Sel. Top. 
Quant. Electron. 6, 1325–1331 (2000). 
[2] P. Del’Haye, K. Beha, S. B. Papp, and S. A. Diddams, Phys. Rev. Lett. 112, 
043905 (2014). 
[3] R. Wu, V. R. Supradeepa, C. M. Long, D. E. Leaird, and A. M. Weiner, Opt. 
Lett. 35, 3234 (2010). 
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Scattering superlens: near-field focusing and imaging exploiting multiple 
scattering in turbid media 

 
Chunghyun Park, Jung-Hoon Park, Yong-Hoon Cho, and YongKeun Park 

Department of Physics, KAIST, 291 daehak-ro yusung-gu, Daejeon 305-701, S. Korea 
 

In many fields of research, the diffraction-limited optical resolution with visible light is a limiting 
factor, which cannot be easily surpassed simply by using shorter wavelengths to lower the diffraction 
limit. Besides the technological difficulties in fabricating optical components for shorter wavelengths 
at the UV or X-ray range, photons at these energy levels are usually either harmful or have negligible 
light-matter interaction which discourages their use as optical probes. This is especially pronounced in 
the field of bio-imaging where probing at the sub-cellular regime is critical for the understanding of 
cellular mechanism.  

In this work, we demonstrate that we multiple light scattering [1] can be utilized to obtain a sub-
diffraction limited focus at an arbitrary position [2]. Through multiple scattering, impinged far-fields 
are transformed into random near-fields after transmitting turbid media. Using a spatial light modulator 
which can control the phase of the impinging far-fields, we demonstrate that the phase of the near-fields 
can be controlled as well. Due to the random structure of the highly scattering media, there are no 
restrictions on the physical position of the focus giving the system a high degree of freedom.  

 

 

Figure 1. (left) An artist’s conception of a thin layer of random turbid material controlling the near-fields to 
generate an intense sub-wavelength focus. a, When the phase of each optical far-field is matched at a target point, a 
diffraction-limited focus can be obtained. b, When a plane wave is incident on random media, the wave is multiply 
scattered and converted into multiple wave-vectors which contain both propagating and evanescent terms. The 
scrambled random phase of each wave-vector results in a speckle containing sub-wavelength spatial modes. c, By 
shaping the impinging wavefront, the resulting wave-vectors can be phase-matched to construct a sub-wavelength focus 
at a target position. d, Intensity distribution of the controlled sub-wavelength foci and its ensemble average using 632.8 
nm. Modified from [1]. 

 
[1] C Park, JH Park, et al., “Full-field sub-wavelength imaging using a scattering super-lens”, 
Physical Review Letters, 113, 113901 (2014) 
[2] JH Park, C Park, et al., “Subwavelength light focusing using random nanoparticles”, Nature 
Photonics, 7, 454 (2013) 

Speaker: YongKeun (Paul) Park
Session: Light transport and imaging through complex scattering media
Schedule: Tuesday evening invited session

PQE-2015 237



Non-invasive imaging through a scattering wall 
!
Antonio M. Caravaca-Aguirre1, Donald B. Conkey1, Jacob D. Dove,2  Hengyi Ju,2 Todd W. Murray2 

and Rafael Piestun1 

1Department of Electrical, Computer, and Energy Engineering, University of Colorado, Boulder, Colorado, 80309, USA 
2Department of Mechanical Engineering, University of Colorado, Boulder, Colorado, 80309, USA 

!
We investigate the problem of optical non-invasively imaging through scattering media without 
the use of the so-called memory effect, namely allowing for thick and highly scattering obstacles. 
A photoacoustic (PA) signal, consisting of the integration of PA emissions from multiple speckle 
grains, is used as optimization feedback for focusing through such a scattering material. We use a 
liquid-crystal spatial light modulator (LC-SLM) to modulate the input wavefront and optimize the 
PA response using a genetic algorithm [1]. The spatially non-uniform sensitivity of an ultrasound 
transducer to the PA emission from multiple speckles results in the enhancement of a single 
speckle creating a sub-acoustic optical focus [2].  

The optical focus is used to reconstruct sub-acoustic resolution images of a bee wing scanned 
behind a diffusing wall. Figure 1 compares the PA image under three different illuminations: 
uniform illumination (Fig. 1a) where the diffuser is removed, random speckle illumination where 
a random phase is projected onto the SLM (Fig. 1b), and optimized illumination (Fig. 1c). After 
optimization, the signal strength improved by a factor of 10 versus the random speckle field 
revealing interesting complex structure and significant resolution and signal improvement. Figure 
1c shows that even the bee wing hairs are individually resolved. !

!!! !!
Figure 1. Sweat bee wing PA image reconstruction through a glass diffuser using a, uniform 
illumination, b, Random phase mask c, Optimized phase mask. d, PA image superimposed with 
the optical image. Scale bars are 100µm.!

In a different imaging modality, the transducer is 
scanned and the wavefront optimized at each transducer 
position; thereby building an image point-by-point 
without moving the scattering wall or the sample. Figure 
2 shows a theoretical (a) and experimental (b) results for 
a 1D scanning of the transducer, imaging 55µm wide 
chromium bars separated by 55µm. Similar to the prior 
example of the sweat bee wing, we compare the PA signal 
under three different illuminations. The results indicate 
that the optimized focus and subsequent scanning imaging 
improves the ability to resolve the individual bars and is 
limited by the optical speckle size. 

 
1.   D. B. Conkey, A. N. Brown, A. M. Caravaca-Aguirre, and R. 

Piestun, "Genetic algorithm optimization for focusing through 
turbid media in noisy environments," Opt Express 20, 4840–4840 
(2012). 

2.   D. B. Conkey, A. M. Caravaca-Aguirre, J. D. Dove, H. Ju, T. W. 
Murray, and R. Piestun, "Super-resolution photoacoustic imaging 
through a scattering wall," ArXiv13105736 Phys. (2013). 
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Figure 2. Imaging by scanning the 
transducer: a. Simulated and b. 
experimental PA image reconstruction 
of resolution bars. 
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Exciton Dynamics and Emission Properties in Semiconductor Carbon Nanotubes Influenced by 
Localized Surface-Plasmon Mode 

 
Oleksiy Roslyak,1,2 Charles Cherqui,2,3 David H. Dunlap,3 and Andrei Piryatinski2 

1Center for Integrated Nanotechnologies (CINT), 2Theoretical Division  
Los Alamos National Laboratory Los Alamos, NM 87545 USA 

3Department of Physics, University of New Mexico, Albuquerque, NM 87131 USA 
 

Semiconductor Single-Walled Carbon Nanotubes 
(SWCNT) represent quasi-one-dimensional structures 
with unique electronic and optical properties. Specifically, 
optically excited electron-hole pairs (excitons) can 
experience ultrafast relaxation to the bottom of the band 
and further show rapid diffusion limited delocalization 
along the SWCNT. Photon emission quantum yield in a 
SWCNT is significantly suppressed due to the nature of 
the exciton ground state representing a superposition of 
the optically  “dark” and “bright” states. This limits 
applications of SWCNT in photonic and light emitting 
devices. Use of metal-nanoparticle-SWCNT composites 
allows one to enhance SWCNT radiation emission 
properties and gain control over photon emission spectral 

and spatial distribution. 
 
In the talk, we report our theoretical study of 
exciton dynamics and emission properties in 
semiconductor SWCNTs in the presence of a 
localized surface-plasmon (SP) mode excited 
within a metal nanoparticle via near-field 
coupling. Complex exciton dynamics (Figure 
1) including ultrafast intraband relaxation, 
exciton ground state diffusion, energy 
transfer to the SP-mode, and photon emission 
are treated on the same footing [1]. 

Numerical simulations are performed for a (6,5) SWCNT and cone-shaped Ag metal tip (MT). We 
demonstrate the interaction with the SP mode affects the exciton emission spectrum and significantly 
enhances photon emission rate. We further show that the variation of the MT-SWNT distance allows 
for the control over the exctiton-SP angular radiation diagram and the emission rate (Figure 2). 
Additional control resulting in the diagram rotation can be achieved via manipulation of the exciton-SP 
coherences.  
 
[1] O. Roslyak, C. Cherqui, D. H. Dunlap, and A. Piryatinski, J. Phys. Chem. B 118 8070 (2014). 

	  
 
Figure 2 SP-exciton emitted photon flux ratio R and 
associated radiation diagram of coupled exciton-SP 
transition dipoles (geometry in the inset) depending on 
the distance d between the MT and SWCNT.  

	  
 
Figure 1 Schematics of the exciton dynamics 
including the high energy excitation, ultrafast 
relaxation, and SP-assisted emission.    
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Remote atmospheric lasing 
Pavel Polynkin 

College of Optical Sciences, University of Arizona, Tucson, Arizona 85721, USA 
Email: ppolynkin@optics.arizona.edu 

 
Remote atmospheric lasing (or air lasing) refers to the remote optical pumping of the constituents of ambient air that 
results in a directional, impulsive, laser-like emission from the cigar-shaped pumped region. Both forward-
propagating and backward-propagating emissions could be generated, but the backward emission would have the 
most practical utility. Currently this concept is a subject of intense investigations motivated by the potential use of 
backward-propagating air laser beams in remote atmospheric sensing. 

The development of a viable air laser is a very challenging problem. Only nitrogen and oxygen are present in the 
atmosphere in significant amounts. Thus molecular, ionic or atomic forms of these two elements will have to be 
used as an active laser medium. Several approaches to air lasing are being investigated that include pumping through 
femtosecond laser filamentation, pumping by optically driven electron impact excitation of air molecules, and the 
dissociation of air molecules and resonant two-photon pumping of the resulting oxygen or nitrogen atoms by deep-
UV laser pulses at specific wavelengths. All three approaches are actively pursued and show significant advances 
towards the goal. Yet, as of today, only the latter approach succeeded in the demonstration of measurable laser 
energies of up to one microjoule per pulse, in the backward direction, in the natural air. These demonstrations have 
only been successful on a laboratory scale. The extension of the lasing to the practically relevant range of many 
hundreds of meters is extremely challenging.  

In addition to having an obvious practical utility, air lasing presents a complex and very interesting problem in 
intense AMO physics. Several potential gain mechanisms can be operative under different conditions; adequate 
description of experimental observations can be counterintuitive. For example, in the case of resonant two-photon 
pumping of atomic oxygen and nitrogen in the air, the destructive interference between the hyper-Raman gain and 
four-wave mixing that occurs only for the forward-propagating laser beam, can lead to the generation of emission 
predominantly in the backward direction. I will discuss the current state of the emerging and dynamic field of 
remote atmospheric lasing and review the major recent results. 

I acknowledge the support from the United States Air Force Office of Scientific Research though Programs No. 
FA9550-12-1-0143 and No. FA9550-12-1-0482 and from the Defense Threat Reduction Agency (DTRA) through 
Program No. HDTRA 1-14-1-0009.   

[1] P. R. Hemmer, R. B. Miles, P. Polynkin, T. Siebert, A. V. Sokolov, P. Sprangle, M. O. Scully, “Standoff 
spectroscopy via remote generation of a backward-propagating laser beam”, PNAS 108, 3130 (2011). 

[2] Q. Luo, W. Liu, S. L. Chin, “Lasing action in air induced by ultra-fast laser filamentation”, Appl. Phys. B 76 
(2003). 

[3] D. Kartashov, S. Alisauskas, G. Andriukaitis, A. Pugzlys, M. Schneider, A. Zheltikov, S. L. Chin, A. Baltuska, 
“Free-space nitrogen gas laser driven by a femtosecond filament”, Phys. Rev. A 86, 033831 (2012). 

[4] Y. Liu, Y. Brelet, G. Point, A. Houard, A. Mysyrowicz, “Self-seeded lasing in ionized air pumped by 800 nm 
femtosecond laser pulses”, Opt. Express 21, 22791 (2013). 

[5] J. Yao, B. Zeng, H. Xu, G. Li, W. Chu, J. Ni, H. Zhang, S. L. Chin, Y. Cheng, Z. Xu, “High-brightness 
switchable multiwavelength remote laser in air”, Phys. Rev. A 84, 051802(R) (2011). 

[6] D. Kartashov, S. Alisauskas, A. Baltuska, A. Schmitt-Sody, P. Roach, P. Polynkin, “Remotely pumped 
stimulated emission at 337 nm in atmospheric nitrogen”, Phys. Rev. A 88, 041805(R) (2013). 

[7] P. Ding, S. Mitryukovskiy, A. Houard, E. Oliva, A. Couairon, A. Mysyrowicz, Y. Liu, “Backward lasing of air 
plasma pumped by circularly polarized femtosecond pulses for the sake of remote sensing”, Opt. Express 22, 
29964 (2014). 

[8] Dogariu, J. B. Michael, M. O. Scully, R. B. Miles, “High-gain backward lasing in air”, Science 331, 442 
(2011). 

[9] A. Laurain, M. Scheller, P. Polynkin, “Low-threshold bidirectional air lasing”, Phys. Rev. Lett. (accepted).  

Speaker: Pavel Polynkin
Session: Remote atmospheric lasing and laser filamentation
Schedule: Wednesday evening plenary session

PQE-2015 240



Bright High Harmonics from the UV to the keV X-ray Region 
for Dynamic Imaging at the Space-Time Limit 

 
Tenio Popmintchev, Margaret M. Murnane, and Henry C. Kapteyn 

JILA, University of Colorado at Boulder, CO 80309, USA 
 

Generating a coherent laser-like beam of VUV, EUV or X-ray light using the high order harmonic 
generation process (HHG) is an extreme case of nonlinear optics, not only because of the very high-order 
nonperturbative nature of the nonlinearity, but also because ionization and transient nonlinearities 
profoundly influence the propagation of the femtosecond laser that drives the process. A simple 
understanding of phase matched upconversion in extreme nonlinear optics is that phase matching is a 
dynamic process that happens in a temporal window within the driving laser pulse when the index of 
refraction of a partially ionized gas is ~1, and the driver and the generated signal travel at the same phase 
velocity. This phenomenon dictates that, counterintuitively, the generation of bright short-wavelength 
HHG light in the X-ray region of the spectrum at >1 keV requires long-wavelength mid-infrared lasers 
[1,2]. Prior to this understanding, bright attosecond pulses driven by widely available near-infrared 
Ti:Sapphire lasers were limited to the EUV region of the spectrum, which restricted the range of 
materials, liquid, and molecular systems that could be explored at the space-time limit because of the 
limited penetrating power.  

 
Fig. 1. Bright high order harmonic emission for intense driving lasers from the UV to the mid-IR (experimental data plotted as 
filled-in circles). Theoretical phase matching limits including only the linear index of neutral atoms (solid lines). Using UV 
driving laser and ions makes it possible to extend the effective phase matching limits into the soft and hard X-ray regions because 
of the large index of refraction of ions (dotted line). 

In this talk, first, we show that longer-pulse duration mid-infrared lasers are optimal for generating 
shorter-pulse-duration, attosecond X-rays. This is an unexpected and beautiful convergence of extreme 
nonlinear optics: bright, X-ray high harmonics naturally emerge as isolated attosecond bursts [3]. Second, 
a more recent work has revealed a new regime of efficient high order harmonic upconversion in the 
“water window” of the X-ray region where more than the index of just the neutral atoms and the free 
electrons are important. High order harmonics driven by intense UV lasers exhibits relatively high 
upconversion efficiency in regimes where the nonlinear medium becomes multiply ionized and the index 
of refraction of ions can counterbalance that of the free electrons [4]. 
[1] T. Popmintchev et al., PNAS 106, 26, 10516 (2009). 
[2] T. Popmintchev et al., Science 336, 1287 (2012); T. Popmintchev et al., US Patent 8462824 (2013). 
[3] M.-C. Chen et al., PNAS doi/10.1073/pnas.1407421111 (2014). 
[4] D. Popmintchev et al., CLEO postdeadline paper FTH5A.9 (2014); T. Popmintchev et al., US Provisional Patent 61873794 
(2013). 
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Pump-Probe Spectroscopy 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: We provide a description of the molecular response in optical pump-probe
techniques as relevant to single molecule measurements, both for optical as well as
non-optical detection strategies.

In recent years, there has been a growing number of studies that aim at nonlinear optical manipu-
lations of matter at the nano-scale, down to to the single molecule limit. A very important class of
nonlinear optical techniques is pump-probe spectroscopy, in which the sample is optically excited
by a pump pulse and the ensuing excitation dynamics is followed by a time-delayed probe pulse. As
pump-probe techniques, which were originally developed for macroscopic ensemble measurements,
are finding their way into single molecule applications, proper descriptions are required to interpret
the pump-probe signal at the spatial scales relevant to individual molecules.

In this presentation, we will discuss the pump-probe interaction in the near-field in various excita-
tion geometries, and how the near-field interaction is manifested in the far-field. Based on a general
description of the pump-probe signal [1], we examine two detection strategies of the light-matter
interaction: optical detection and force detection. We will show that, besides the more conventional
optical detection approach, non-optical methods such as force detection offer a viable route towards
exploring ultrafast single molecule dynamics at the nanoscale.[2]

References

[1] C.Y. Chung, J. Hsu, S. Mukamel, and E. O. Potma, “Controlling stimulated coherent spec-
troscopy and microscopy by a position-dependent phase” Phys. Rev. A 87, 033833 (2013).

[2] J. Jahng, J. Brocious, D. A. Fishman, F. Huang, X. Li, V. A. Tamma, H. K. Wickramasinghe,
and E. O. Potma, “Gradient and scattering forces in photo-induced force microscopy,” Phys.
Rev. B 90, 155417 (2014).
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Figure 1. Elemental map of a 3.2x3.2 m area of a 
brain cell. Strongly inhomogeneous distribution of Fe 
and Cu have been observed to be typical in these cells.  

X-ray Imaging and Spectroscopy From Inside a Brain Cell. 

Brendan Sullivan, Yulia Pushkar 

Department of Physics and Astronomy, Purdue University, USA 

Modern X-ray optics allows focusing of the X-ray beam down to 30 nm.  When fresh, frozen 
brain tissue is analyzed with a focused X-ray beam details can be seen from the inside of the cell.  
High sensitivity of X-ray fluorescence detection combined with use of synchrotron radiation 
allows mapping of the cell’s elemental content, Figure 1.  

We focused out imaging effort on the subventricular zone of the brain – area known to harbor 
adult neural stem cells. Imaging of in situ metal distributions in rodent brains by X-ray 
fluorescence microscopy (XRF) revealed very concentrated (300 mM) localized (1 μm diameter) 
Cu deposits in periventricular neural stem 
cells (1).  It is first shown by micro-cryo-
X-ray absorption near edge structure 
(XANES) recorded from untreated tissue 
that Cu is bound as part of a multimetallic 
Cu-S cluster; imaging at 30 nm resolution 
reveals a consistent [S]/[Cu] ratio to be 
1.66 ± 0.07.  Accordingly, it is proposed 
that metallothionein (MT), a cysteine-rich 
protein known bind metals with high 
affinity ([S]/[Cu] = 1.66 ± 0.08 depending 
on the isoform) as the binding protein.  
Parallel analysis of MT(1,2) knockout 
mice reveals that in absence of MT(1,2), 
inclusions contain 40% less Cu while no other metals show significant variation anywhere else in 
the brain. Our results suggest that MT3, a third MT isoform present only in the central nervous 
system, is capable of fulfilling the role of MT(1,2) in inclusion body formation, which was 
previously thought to be necessary for inclusion formation (2). The nature of detected Fe 
accumulations currently remains unstudied. Implications of XRF results in understanding of 
changes in the brain due to aging and neurodegenerative diseases will be discussed.  

1. Pushkar, Y., et. al. (2013) Aging results in copper accumulations in GFAP-positive cells in the 
subventricular zone. Aging Cell 823-832 

2. Zuo, P. et. al. (2009) Potential Role of α-Synuclein and Metallothionein in Lead-Induced 
Inclusion Body Formation. Toxicological Sciences 111, 100-108 
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Controlled	  interaction	  of	  single	  NV	  centers	  with	  surface	  plasmons	  
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1	  ICFO-‐The	  Institute	  of	  Photonic	  Sciences,	  Barcelona	  (Spain)	  
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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	   combine	   small	   footprints	  with	   high	   Purcell	   factors.	   However,	   fully	   exploiting	   the	  
capabilities	   of	   this	   marriage	   between	   NV	   centers	   and	   optical	   nanostructures	   requires	   controlling	   accurately	   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	  antenna	  resonance.	  

	  
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,	   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	  a	  gap	  plasmonic	  antenna	  [2].	  The	  interaction	  of	  the	  immobilized	  NV	  with	  the	  nano-‐antenna	  mode	  is	  
quantified	  by	  analyzing	  the	  change	  in	  its	  fluorescence	  lifetime.	  Furthermore,	  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	  (see	  figure	  1)	  [2,3].	  

Finally,	   we	   discuss	   the	   deterministic	   coupling	   of	   a	   single	   NV	   center	   to	   the	   guided	   mode	   of	   a	   V-‐groove	  
plasmonic	   waveguide	   as	   a	   step	   towards	   ultra-‐compact	   single	   photon	   quantum	   devices	   and	   long	   range	   plasmon-‐
mediated	  coupling	  between	  several	  NVs	  [4].	  
	  
[1]	  M.	  Geiselmann,	  M.	  L.	  Juan,	  J.	  Renger,	  J.	  M.	  Say,	  L.	  J.	  Brown,	  F.	  J.	  García	  de	  Abajo,	  F.	  Koppens,	  R.	  Quidant,	  	  Nature	  Nanotechnol.	  8,	  175-‐179	  (2013)	  
[2]	  M.	  Geiselmann,	  R.	  Marty,	  F.	  J.	  García	  de	  Abajo,	  R.	  Quidant,	  Nano	  Lett.	  14,	  1520-‐1525	  (2014)	  
[3]	  M.	  Geiselmann,	  R.	  Marty,	  F.	  J.	  García	  de	  Abajo,	  R.	  Quidant,	  	  	  Nature	  Phys.	  9,	  785-‐789	  (2013)	  
[4]	  E.	  Bermúdez	  Ureña,	  C.	  Gonzalez-‐Ballestero,	  M.	  Geiselmann,	  R.	  Marty,	  I.	  P.	  Radko,	  T.	  Holmgaard,	  Y.	  Alaverdyan,	  E.	  Moreno,	  F.	  J.	  García-‐Vidal,	  S.	  I.	  
Bozhevolnyi,	  R.	  Quidant,	  submitted	  (2014)	  
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Forbidden atomic transitions driven by an intensity-modulated laser trap 
Georg Raithel, University of Michigan, Ann Arbor, MI 48109 [graithel@umich.edu] 

The interaction between an atom and a light field is described by the minimal-coupling atom-field interaction 
Hamiltonian, which includes a multipole-field interaction term (the A·p term) and a ponderomotive interaction term 
(the A·A term). In the case of direct application of a radiation field to atoms, the A·p term typically is dominant in 
the atom-field interaction and leads to the selection rules for atomic transitions, which are classified as E1, M1, E2, 
etc. Higher-order A·p-interactions are employed in Raman spectroscopy and in nonlinear optics. The A·A term is 
important in Rayleigh, Thomson and Compton scattering, as well as in high-intensity laser-matter interactions, but it 
has not yet been employed in high-precision (low-field) spectroscopy. Here, I will show that the A·A term can be 
employed in high-precision spectroscopy by (1) providing a strong spatial variation of the field intensity within the 
volume of the atom, and by (2) modulating the field intensity in time at the atomic transition frequency of interest. 
Different transition matrix elements arise, with selection rules that are greatly relaxed in comparison with the 
standard selection rules, allowing access to previously forbidden transitions [1].  

To experimentally demonstrate atomic spectroscopy via the ponderomotive (A·A) interaction, we have chosen to 
use Rydberg atoms trapped in an intensity-modulated standing wave (optical lattice) [2]. Rydberg-atom optical 
lattices are an ideal tool for this demonstration because the atoms’ electronic probability distributions can extend 
over several wells of the optical lattice, and Rydberg-Rydberg transitions are in the microwave regime, a regime in 
which light-modulation technology exists. We have demonstrated ponderomotive spectroscopy, for the first time, by 
scanning the light modulation frequency over the atomic resonance and probing the target-state population [3]. Due 
to the nature of the utilized modulation technique, we have also driven transitions at higher odd harmonics of the 
drive (without increase of the field intensity); this provides convenient experimental access to sub-Terahertz 
transitions between Rydberg levels. Further, we have shown that optical-lattice Rydberg atom traps support “magic” 
transitions, in which the trap-induced spectroscopic shift is minimized by tailoring the lattice parameters such that 
the lower and upper Rydberg-atom levels have identical trapping potentials. 

                               

 

 
 
 
 
[1] B. Knuffman and G. Raithel, Phys. Rev. A 75, 053401 (2007). 
[2] S. E. Anderson, K. C. Younge, and G. Raithel, Phys. Rev. Lett. 107, 263001 (2011). 
[3] “Forbidden atomic transitions driven by an intensity-modulated laser trap,”  K. R. Moore, S. E. Anderson and Georg Raithel, 
Nature Comm., accepted (2014). 

Fig. 2: Transition 68S71S versus modulator 
frequency. The transition is driven in third order, i.e. 
the transition frequency is about 67.5GHz. The 
transition is “magic”; this results in a symmetric line 
shape with a sharp central peak. The red line shows 
the result of a simulation. 

Fig. 1: Experimental setup. Top: A Mach-Zehnder 
interferometer is used to generate a high-power (1W) 
trapping beam that is modulated at a microwave 
frequency. Bottom: The modulated optical lattice 
drives transitions in Rydberg atoms. 
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Magnetically Activated and Guided Isotope Separation  
(MAGIS) 

 
Mark G. Raizen 

 
Center for Nonlinear Dynamics and Department of Physics,  

The University of Texas at Austin, Austin TX 78712 
  

 
The separation of stable isotopes has been a long-standing challenge.  The calutron, 
invented by E. Lawrence in the 1930's and based on electromagnetic separation, still 
remains the main method used today for most isotopes.  Any alternative method 
must be generally applicable to most elements, provide a high degree of enrichment, 
be scalable to industrial quantities, and be highly energy-efficient.  We report here 
the experimental demonstration of  magnetically-activated and guided isotope 
separation (MAGIS),  a new method that satisfies all these criteria [1,2].   
 
MAGIS  relies on laser-based optical pumping to magnetically polarize atoms of a 
targeted isotope, followed by a magnetic field gradient that effectively guides atoms 
of a desired isotope to a collection plane.  Our process is applied to enriching Li-7, 
an important isotope for the nuclear industry.  The source is a stainless steel 
reservoir, loaded with natural lithium, that we typically operate between 550 and 750 
ºC.  In the optical pumping section, a 671 nm laser beam, tuned to the Li-6 transition,  
transversely illuminates the atomic beam.  The laser pumps the Li-6 atoms into a 
state that is attracted to magnetic fields, while the Li-7 atoms are unaffected due to 
the large isotope shift.  Following the optical pumping region, the atoms enter a 
magnetic guide consisting of  rare-earth permanent magnets arranged in a Halbach 
configuration. The guide is 1.5 m long and bent over its length by 20 mrad to block 
any line-of-sight to the source oven.  We observe Li-7 at the output at an enrichment 
higher than 99.95%.  Coincidentally, this is the industry standard for Li-7 used in 
pressurized water reactors.  Careful measurement of throughput confirms  a 
production rate that is predicted theoretically, and can be scaled up to industrial 
quantities by adding parallel magnetic guides.  A key aspect of our approach is that 
optical pumping relies on inexpensive semiconductor lasers that can separate 
hundreds of moles of material per year.  The subsequent two-dimensional magnetic 
field gradient – produced in this demonstration using rare-earth magnets – does not 
consume any electrical power.  The design of the magnet array yields a competitive 
ratio between enriched material and feedstock that depends only on source 
temperature.  The method can be applied to most stable isotopes in nature. 
 
 
References 
 
[1] T. R. Mazur, B. G. Klappauf, and M. G. Raizen, Nature Physics 10, 601 (2014). 
[2] Isotope Separation by Magnetic Activation and Separation, US Patent 
 #8,672,138 
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Surface	  Enhanced	  Quantum	  Control	  
A	  SEQC	  way	  of	  controlling	  light	  and	  matter	  

	  
Chitra	  Rangan	  

Department	  of	  Physics,	  University	  of	  Windsor,	  Windsor,	  ON	  N9B	  3P4	  
	  
Miniaturization	  of	  quantum	  technologies	  have	  led	  to	  the	  marriage	  of	  atomic	  physics	  
and	  nanomaterial	  science.	  	  Some	  of	   the	  resulting	  new	  areas	  of	  research	  are	  hybrid	  
quantum	  devices,	  single-‐molecule	  spectroscopies,	  table-‐top	  intense	  field	  generators,	  
etc.	  	   I	   will	   present	   an	   area	   of	   research	   that	   I	   dub	   "Surface-‐enhanced	   quantum	  
control"	  that	   is	  an	  exciting	  way	  of	  controlling	   light	  and	  nanomatter.	  	  By	  combining	  
the	   electromagnetic	   enhancement	   properties	   of	   nanomaterials	   with	   the	  
modification	   of	   the	   atomic	   properties,	   we	   can	   achieve	   an	   unprecedented	   level	   of	  
control	  over	  quantum	  dynamics.	  	  	  
	  
As	   an	   example,	   I	   present	   surface-‐enhanced	   qubit	   purification.	   	   The	   speed	   of	  
quantum	  state	  purification	   is	   limited	  by	   the	   fact	   that	  Hamiltonian	   controls	   cannot	  
affect	  the	  purity	  of	   the	  state	   in	  question.	   	  This	   limits	  the	  ability	  to	  prepare	  desired	  
states	  without	  allowing	   time	   for	   the	  system	  to	  spontaneously	  decay	   to	   the	  ground	  
state.	  	  In	  Ref.[1],	  we	  discussed	  how	  a	  continuous	  off-‐resonant	  electromagnetic	  wave	  
can	  be	  used	   to	  purify	  and	  prepare	  a	  desired	   final	  quantum	  state.	   	   	  With	   the	  aid	  of	  
surface-‐enhancement,	   by	   placing	   a	   two-‐level	   quantum	   system	   near	   a	   gold	  
nanoparticle,	  the	  purification	  and	  preparation	  is	  accomplished	  in	  a	  reduced	  period	  
of	   time	   and	   with	   a	   lower	   electric	   field	   intensity	   when	   compared	   to	   an	   isolated	  
system.	   	   This	   reduction	   in	   required	   time,	   electric	   field	   intensity	   and	   the	   ability	   to	  
modify	   system	  purity	  may	   represent	   an	   improvement	   in	   the	  practical	   control	   and	  
use	  of	  quantum	  information	  systems.	  
	  
Another	   example	   explores	   the	  measurement	   of	   change	   of	   energy	   levels	   of	   a	   three	  
level	   quantum	   system	   due	   to	   ambient	   interactions.	   In	   Ref.[2],	   we	   use	   a	   two-‐time	  
intensity-‐intensity	  correlation	   function	   to	  evaluate	   the	  effect	   that	  small	   changes	   in	  
detuning	  have	  on	  the	  correlation	  spectrum	  of	  a	  three-‐level	  lambda	  system	  when	  it	  is	  
driven	   by	   an	   off-‐resonant	   	   incident	   electromagnetic	   field.	   	   An	   analytic	   expression	  
shows	   that	   even	   small	   shifts	   in	   the	   detuning	   of	   the	   system	   produced	   by	   ambient	  
interactions	   can	   cause	   a	   large	   change	   in	   the	   correlation	   spectrum.	  This	   use	   of	   the	  
two-‐time	  correlation	  function	  may	  be	  beneficial	  in	  developing	  schemes	  designed	  to	  
detect	   the	  presence	  of	  small	  molecular	   interactions	   that	   lead	   to	  changes	   in	  energy	  
levels	  of	  molecular	  systems.	  
	  
	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  “Surface-‐enhanced	  qubit	  purification”,	  S.M.A.	  Mirzaee	  and	  C.S.	  DiLoreto	  and	  C.	  Rangan,	  
2014	  (manuscript	  submitted	  for	  review).	  
2	  “The	  effect	  of	  detuning	  on	  intensity-‐intensity	  correlation	  spectra	  in	  
three-‐level	  lambda	  systems”,	  C.S.	  DiLoreto	  and	  C.	  Rangan,	  2014	  (unpublished).	  
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BEC Interferometry 
 
Ernst M. Rasel, QUEST, LUH Hannover  
 
 
The excellent mode quality of Bose Einstein condensates combined with delta-kick 
cooling paves the way for a new leap in the precision of atom interferometers both in 
transportable devices and in future very long baseline atom interferometers. We report on 
a high flux source for BECs employed in the Bremen catapult and its applications as well 
as on a new activity to expand these type of interferometers of large baselines on ground 
based experiments. 
 
EMR acknowledges support within the DLR funded QUANTUS cooperation and the 
DFG funded cooperative research network geo-Q.  
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Towards scalable sources of entangled-photon-pairs based on 

semiconductor quantum dots 
 

Armando Rastelli, Javier Martín-Sánchez, Rinaldo Trotta 
 

Institute of Semiconductor and Solid State Physics, Johannes Kepler University, Linz, 
Austria 

 
Several systems are under investigation for their potential use in the fields of quantum 
information and communication, which aim to solve problems - such as the simulation of 
complex systems and secure-data transfer - by making use of the laws of quantum 
mechanics. Semiconductor quantum dots (QDs), also dubbed "artificial atoms", are one of 
such systems, as they can be used both as sources and hosts of quantum bits.  
Compared to their natural counterparts, QDs can be easily integrated into compact devices 
and photonic structures and show stronger optical transitions. However, unlike natural 
atoms, no two QDs are identical - a major obstacle towards scalability. While the strong 
interaction with the solid-state environment further complicates the scene by introducing 
dephasing processes, it also offers unique opportunities not available for atoms. One of 
them, largely neglected so far, is represented by elastic strain fields.  
In this talk I will show how such a degree of freedom can be used to overcome problems 
arising from unavoidable fluctuations during QD growth and to reshape their electronic 
structure [1]. In particular, I will show how variable stress-fields generated by piezoelectric 
actuators can be used to create wavelength-tunable sources of single photons [2,3], to 
control independently the emission energy of the exciton and biexciton confined in a QD 
[4], and to make any QD suitable for the generation of entangled-photon pairs [5,6].  
While all work done so far has dealt with a "scalar" control of strain-fields, new 
opportunities may open up by exploiting their tensorial character. In particular, by fully 
controlling the in-plane stress of the matrix embedding the QD, entangled-photons with 
broad-band-tunable energy may be realized. A new piezoelectric actuator [7] suitable for 
the purpose and preliminary results in this direction will be discussed. 
 
[1] Y. Huo et al., Nature Physics, 10, 46 (2014) 
[2] R. Trotta et al., Adv. Mater. 24, 2268 (2012) 
[3] J.X. Zhang et al. Nano Letters, 13, 5808 (2013) 
[4] R. Trotta, E. Zallo, E. Magerl, O.G. Schmidt, A. Rastelli, Phys. Rev. B,  88, 155312 
(2013) 
[5] R. Trotta et al., Phys. Rev. Lett. 109, 147401 (2012) 
[6] R. Trotta, J. S. Wildmann, E. Zallo, O. G. Schmidt, A. Rastelli, Nano Letters 14, 
143114 (2014) 
[7] A. Rastelli et al. (patent submitted) 

Speaker: Armando Rastelli
Session: Quantum optics in semiconductor nanostructures
Schedule: Wednesday Morning Invited Session 1

PQE-2015 249



Ultrafast 2D Fluorescence Spectroscopy 
 using Spectrally Entangled Photon Pairs  

 
Michael G. Raymer1, Andrew H. Marcus2, Julia R. Widom3, and Dashiell L. P. Vitullo1  

 
1 Department of Physics, University of Oregon, Eugene, OR 97403 

2 Department of Chemistry, University of Oregon, Eugene, OR 97403 
3 Department of Chemistry, University of Michigan, Ann Arbor, MI 48109 

  
We propose entangled photon-pair two-dimensional fluorescence spectroscopy (EPP-2DFS) 

to probe the nonlinear electronic response of molecular systems. [1] The method, inspired by 
results in [2], uses a technique from quantum optics—a separated two-photon (‘Franson’) 
interferometer, which generates time-delayed packets of time-frequency-entangled photon pairs. 
This interferometer is incorporated into the framework of a fluorescence-detected 2D optical 
spectroscopic experiment. The continuous stream of entangled photons are phase-modulated in 
the interferometer, and used to excite a two-photon-absorbing sample, whose excited-state 
population is selectively detected by simultaneously monitoring the sample fluorescence and the 
transmitted exciting fields. In comparison to standard ‘classical’ 2DFS techniques using coherent 
laser pulses and standard pulse-scanning sequences, advantages of this scheme include 1) the 
suppression of uncorrelated 
background signals, 2) the 
suppression of diagonal 2D 
spectral features, 3) the 
enhancement and narrowing of 
off-diagonal spectral cross-
peaks that contain information 
about electronic coupling, and 
4) the possibility for 
enhancement of simultaneous 
time-and-frequency resolution, 
including spectral selectivity 
within an inhomogeneously 
broadened distribution. 

These effects arise from the properties of a parametric down-conversion light source, which 
effectively creates a different interaction-scanning protocol than in standard laser-pulse scanning. 
We numerically simulate the EPP-2DFS observable for the case of an electronically coupled 
molecular dimer. The EPP-2DFS spectrum is greatly simplified in comparison to its standard 
classical 2D counterpart. Our results indicate that EPP-2DFS can provide previously unattainable 
resolution to extract model Hamiltonian parameters from electronically coupled molecular 
dimers.  
 
 
[1] M.G Raymer, A. H. Marcus, J. R. Widom, D. L. P. Vitullo, "Entangled Photon-Pair Two-
Dimensional Fluorescence Spectroscopy (EPP-2DFS)," J. Phys. Chem. B 117, 15559 (2013). 
[2] O. Roslyak, S. Mukamel, Multidimensional pump-probe spectroscopy with entangled  twin-
photon states. Phys. Rev. A, 79, 063409-1-1 (2009).  
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Photonic Floquet topological insulators 
 

Mikael C. Rechtsman1,2, Yonatan Plotnik1, Julia M. Zeuner3, Yaakov Lumer1, Daniel Podolsky1, 
Mordechai Segev1, Alexander Szameit3 

 

1Physics Department and Solid State Institute, Technion, Haifa 32000, Israel 
2Physics Department, The Pennsylvania State University, University Park, PA 16802 

3Institute of Applied Physics, Friedrich-Schiller-Universität Jena, Germany 
 
In 2005, Srinivas Raghu and Duncan Haldane predicted [1] that the incredibly robust flow that 
electrons exhibit in the quantum Hall effect could be carried over to photonic systems by 
constructing magnetically active (non-zero Verdet constant) photonic crystals. Marin Soljacic’s 
group showed theoretically [2] and demonstrated in a microwave photonic crystal experiment [3] 
that this robustness (enabled by so-called “topological protection from scattering”) was indeed 
achievable.  The hunt was on for optical topological protection, but using the Raghu-Haldane 
mechanism was impossible due to the weak magnetic response at wavelength scales.  Many 
theoretical works proposed a range of different mechanisms to circumvent this problem. 
 
Here, I will present the prediction and realization of a photonic topological insulator for 
light [4].  Topological insulators (TIs) are solid-state materials that are insulators in the bulk, but 
conduct electricity along their surfaces - and are intrinsically robust to disorder.  In particular, 
when a surface electron in a TI encounters a defect, it simply goes around it without scattering, 
always exhibiting – quite strikingly – perfect transmission. The structure is an array of coupled 
helical waveguides (the helicity generates a fictitious – or artificial - circularly-polarized electric 
field that leads to the TI behavior), and light propagating through it is ‘topologically protected’ 
from scattering.  Topological protection therefore has the potential to endow photonic devices 
with quantum Hall-like robustness. 

 

 
Fig. 1: (a) Schematic of photonic topological insulator structure composed of helical waveguides in a 
honeycomb lattice; (b) microscope image of input facet with an artificial defect (missing waveguide); (c) 
light propagates past the defect without backscattering. 
 
[1]  F. D. M. Haldane and S. Raghu, Phys. Rev. Lett. 100, 013904 (2008). 
[2]  Z. Wang, Y. D. Chong, J. D. Joannopoulos, and M. Soljačić, Phys. Rev. Lett. 100, 013905 (2008). 
[3]  Z. Wang, Y. Chong, J. D. Joannopoulos, and M. Soljacic, Nature 461, 772 (2009). 
[4]  M. C. Rechtsman, J. M. Zeuner, Y. Plotnik, Y. Lumer, D. Podolsky, F. Dreisow, S. Nolte, M. Segev, 

and A. Szameit, Nature 496, 196 (2013). 
[5]  M. Hafezi, S. Mittal, J. Fan, A. Migdall, and J. M. Taylor, Nat. Photonics 7, 1001 (2013). 
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Low-Spatial Coherence Chaotic Cavity Laser for Speckle-
Free Full-Field Imaging 

 
B. Redding1*, A. Cerjan1, X. Huang2, A. D. Stone1, M. L. Lee2, M. A. Choma3,4, and H. Cao1 

1Department of Applied Physics, Yale University, New Haven CT 06520 
2Department of Electrical Engineering, Yale University, New Haven CT 06520 

3Department of Diagnostic Radiology, Yale School of Medicine, New Haven CT 06520 
4Department of Biomedical Engineering, Yale University, New Haven CT 06520 

*brandon.redding@yale.edu 
 

High spatial coherence is a defining characteristic of traditional lasers, allowing us to focus light to a 
small spot or collimate it over long distances. Nevertheless, spatial coherence in the setting of imaging 
has one notorious consequence: speckle. Coherent artifacts such as speckle have precluded the use of 
lasers in full-field imaging applications, despite advantages such as higher power per mode and increased 
spectral control. To address this issue, we recently showed that random lasers [1,2] and degenerate lasers 
[3] can be designed to provide low and even tunable spatial coherence while maintaining high power per 
mode. Unfortunately, these demonstrations were limited to pulsed operation and were too bulky for many 
practical applications. In this work, we present a compact, integrated, electrically pumped semiconductor 
laser using a chaotic cavity design to facilitate multimode lasing and achieve low spatial coherence [4]. 
The cavity shape consists of a microdisk with a flat edge known as a “D-cavity” which has been used as 
the outer core in fiber lasers to achieve uniform optical pumping. The chaotic laser was fabricated on a 
GaAs wafer and the number of lasing modes was estimated by monitoring the speckle formed by the laser 
emission. We found that a 500 µm radius chaotic cavity supported ~1000 mutually incoherent lasing 
modes in parallel. We then demonstrated speckle-free imaging using the chaotic cavity laser emission. In 
addition to precluding speckle formation, the chaotic laser provides much higher power per mode than 
traditional low spatial coherence sources and could be used for a range of high-speed full-field imaging 
applications. 

 

 
Fig. 1 Characterization of a Fabry-Perot (a), a 100 µm radius circular microdisk (b), a 100 µm radius D-shaped 
cavity, and a 500 µm radius D-shaped cavity (d). All 4 devices were fabricated on the same wafer. Lasing spectra are 
shown for each cavity along with a top-view optical microscope image of the cavity emission (upper right insets) and 
an image of the speckle formed by lasing emission coupled to a multimode fiber (lower right insets). The speckle 
contrast, C, and estimated number of mutually incoherent lasing modes, M, are listed for each cavity type. The Fabry-
Perot and circular microdisk cavities support relatively few lasing modes, resulting in high-contrast speckle at the end 
of the fiber, whereas the D-shaped cavities supports ~100 and 1000 modes, and their mutually-incohernet emissions 
are combined to produce low-contrast speckle.  

References  
[1]  B. Redding, M. A. Choma, and H. Cao, “Spatial coherence of random laser emission.,” Opt. Lett. 36, 3404–3406 (2011). 
[2]  B. Redding, M. A. Choma, and H. Cao, “Speckle-free laser imaging using random laser illumination,” Nat. Photonics 6, 

355–359 (2012). 
[3]  M. Nixon, B. Redding, A. A. Friesem, H. Cao, and N. Davidson, “Efficient method for controlling the spatial coherence 

of a laser.,” Opt. Lett. 38, 3858–3861 (2013). 
[4]  B. Redding, A. Cerjan, X. Huang, M. L. Lee, A. D. Stone, M. A. Choma, and H. Cao, “Low-spatial coherence 

electrically-pumped semiconductor laser for speckle-free full-field imaging,” Arxiv: 1410.1170.  
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Observing and studying radiation pressure shot noise 
on a micromechanical membrane 

 

C. A. Regal, T. P. Purdy, R. W. Peterson, N. S. Kampel, P.-L. Yu,         
K. W. Lehnert , R. W. Andrews 

JILA: University of Colorado and NIST, Boulder, Colorado, USA 
 

Optical interferometry is a ubiquitous method for sensitive displacement measurements. 
Recently, optomechanical systems have been developed that not only measure 
mechanical motion but can also manipulate the motion with radiation pressure. With 
sufficiently strong radiation pressure, quantum fluctuations can become the dominant 
mechanical driving force, a phenomenon often referred to as radiation pressure shot 
noise.  Radiation pressure shot noise can be understood as the quantum backaction of an 
interferometric measurement.  In this talk I present a set of experiments in which we 
observe and study radiation pressure shot noise on a silicon nitride membrane. 

 
I will first present direct measurements of radiation 
pressure shot noise through careful measurements 
of mechanical motion and by observing correlations 
between the mechanical motion and the quantum 
fluctuations of the optical field [1].  Such 
correlations can be used to suppress fluctuations on 
an interferometer’s output optical field below the 
shot-noise level.  We demonstrate this by creating 
1.7 dB of optical squeezing near the membrane’s 
resonance [2].  Lastly, I present recent work in 
which we operate our membrane optomechanical 
device in a dilution refrigerator environment.  

Starting at these extreme temperatures, we are able to cool a membrane mode to near its 
ground state.  Here we observe a final mechanical occupation defined by the quantum 
backaction limit of laser cooling due to the sideband resolution of our device.  The 
optomechanical cooperativity achieved in these devices has wideranging implications for 
a variety of future experiments. 
 
 
[1] Observation of radiation pressure shot noise on a macroscopic object, T. P. Purdy, R. 
W. Peterson, and C. A. Regal, Science 339, 801 (2013). 
[2] Strong optomechanical squeezing of light, T. P. Purdy, P.-L. Yu, R. W. Peterson, N. S. 
Kampel, and C. A. Regal, PRX 3, 031012 (2013). 
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Considerations on an Optical Test of the Popper Conjecture 
J. Reintjes 

Sotera Defense Solutions (reintjes@ccs.nrl.navy.mil) 
 

Mark Bashkansky 

Naval Research Laboratory (bashkansky@nrl.navy.mil) 
 

ABSTRACT 

 We present an analysis of a modification1 of the Popper conjecture using 
entangled signal-idler photon pairs from a spontaneous parametric downconverter 
(SPDC) that uses the complete optical diffraction equations for the signal and idler. 
Our results demonstrate that the widths of the signal distribution in the ghost plane 
and the diffraction plane detected in correlation with the idler collected behind a 
slit are completely accounted for by the standard laws of optical diffraction. For 
the parameters of the experiment reported in Ref 1, the width of the correlated 
signal in the ghost image plane is comparable to that of the slit in the idler, as 
described in Ref 1, but the profile is spread in the wings by the limitation on 
resolution resulting from the effective numerical aperture imposed by the pump 
beam. The increased width of the correlated signal in the diffraction plane reported 
in Ref 1 is caused entirely by diffraction from the physical slit in the ghost plane 
illuminated by the wings of the signal distribution.  We also examine the 
interpretation of the behavior of the system with respect to the Heisenberg 
uncertainty principle using a larger numerical aperture.  These results show that, 
although the signal distribution faithfully reproduces the image of the slit in the 
ghost image plane, the width in the diffraction plane is unrelated to the width of the 
signal distribution in the ghost image plane.  As a result the width of the signal in 
the ghost image plane (Δx) and the width of the distribution in the diffraction plane 
(Δk) are not quantum conjugate variables or Fourier transform pairs, and their 
product is not related by a Heisenberg relationship, in contradiction to the Popper 
conjecture.  
 
1 Y. Shih and Y-H Kim, Fortschr. Phys 48 (2000) 5-7, 463-471 
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InP based high-gain QD material for high-speed and narrow linewidth applications 

J.P. Reithmaier1, V. Sichkovskyi1, A. Becker1, B. Bjelica2, B. Witzigmann2, D. Gready3, G. Eisenstein3 
1Inst. of Nanostr. Technol. & Analyt. (INA), CINSaT, University of Kassel, Heinrich-Plett Str. 40, 34132 Kassel, Germany 
2Comput. Electron. and Photonics (CEP), CINSaT, University of Kassel, Wilhelmshöher Allee 71, 34121 Kassel, Germany 

3Optical Communication Laboratory, Department of Electrical Engineering, Technion, Haifa 32000, Israel  
 

By introducing nanostructured gain material for the 
realization of high-performance light sources; one has 
access to more degrees of freedom (like additional 
geometrical parameters), which may allow optimizing 
device performance beyond the state-of-the art. This can 
lead to improved solutions for different applications, e.g., 
directly modulated lasers for on-off keying and narrow 
linewidth light sources as reference lasers for phase-shift 
keying formats. This paper addresses both applications and 
reviews briefly the progress made within the last few years 
focusing on 1.5 µm lasers based on high-gain QD materials. 

 
Figure 1. Light-output characteristics of 8 QD RWG laser 
with 275 µm cavity length at different heat sink temperatu-res; 
inset: Eye diagram for digital modulation at 22 GBit/s.4 

A modified self-assembly growth technique developed 
a few years ago1 by molecular beam epitaxy, allows the 
fabrication of high-density InAs/AlGaInAs/InP quantum 
dot (QD) layers with a recent record-low spectral emission 
linewidth of 17 meV at about 1.55 µm.2 Due to the reduced 
inhomogeneous linewidth broadening high spectral and 
modal gain can be reached,3 which allow short and high-
speed directly modulated lasers. Figure 1 shows the light 
output characteristics of a 275 µm long ridge waveguide 
(RWG) laser, which can be modulated up to a record value 
of 23 GBit/s (inset shows an eye diagram at 22 GBit/s).4 
The small and large signal modulation behavior was 
simulated based on a rate-equation model taking into 
account the inhomogeneous QD gain structure and self-
consistent carrier distribution5,6, which quantitatively 
confirms the experimental data.4 

For high-capacitance coherent optical communication 
narrow linewidth widely tunable DFB lasers, as reference 
lasers are needed. In QD laser materials low linewidth 
enhancement factors (α-factors) are expected in case of a 
robust ground state lasing due to the symmetric gain 
function. Due to the still broadened gain in comparison to 
quantum well lasers, also an enlarged tuning range can be 
assumed. Different QD laser designs were grown and 
processed to DFB lasers with integrated micro-heaters as 
shown in Figure 2.  

 
Figure 2. Optical microscope picture (below) of two arrayed 
QD DFB lasers with a 3dB coupler and integrated micro-
heater. The upper picture shows an SEM image of the lateral 
1st order grating of the DFB laser before planarization and 
metallization.7 

As shown in figure 3, the wavelength can be tuned by 
the integrated heater over about 5 nm by keeping a SMSR 
of > 40 dB.7 Theoretical considerations taking into account 
the quasi zero-dimensional nature of the active zone, clearly 
predict a strong reduction of the laser linewidth by 
appropriate tailoring of the QD material design. With DFB 
lasers consisting of 5 QD layers continuous single-mode 
thermal tuning range up-to 10 nm per laser and a linewidth 
considerably below 1 MHz could be obtained confirming 
the impact of an appropriate QD design to obtain a low 
linewidth enhancement factor. 

 
Figure 3. Spectra of mounted DFB-laser shifted by the heater 
current operated at a heat sink temperature of 12 °C. The 
laser was operated at 150 mA injection current.7 

1 C. Gilfert et al, Appl. Phys. Lett. 96, 191903 (2010). 
2 S. Banyoudeh et al, Int. MBE Conf., Flagstaff, USA (2014). 
3 V.I. Sichkovskyi et al, Appl. Phys. Lett. 102, 221117 (2013). 
4 D. Gready et al, IEEE Phot. Technol. Lett. 26, 11 (2014). 
5 D. Gready et al, IEEE J. Sel. Top. QE 19, 1900307 (2013). 
6 D. Gready et al, Appl. Phys. Lett. 102, 101107 (2013). 
7 J.P. Reithmaier et al, OECC, Melbourne, Australia (2014). 
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On the threshold behavior of high- microlasers operating in 

the single emitter regime  
 

Fabian Gericke1, Christopher Gies2, Janik Wolters1, Christian Schneider3, Sven Höfling3,4,  

Frank Jahnke2, Martin Kamp3, and Stephan Reitzenstein1 
 

1Institute of Solid State Physics, Berlin University of Technology, 10623 Berlin, Germany 
2Institute for Theoretical Physics, University of Bremen, 28334 Bremen, Germany 

3Technische Physik, University of Würzburg, 97074 Würzburg, Germany 
4Present address: School of Physics and Astronomy, University of St. Andrews, KY16 9SS St. Andrews, UK 

 

Light-matter interaction in the framework of cavity quantum electrodynamics presents an excellent opportunity to 

develop and study novel light emitters approaching the ultimate goal of a thresholdless laser based on a single gain 

center. Research in this field has focused on the realization of high- microlasers which efficiently use spontaneous 

emission to reach the onset of stimulated emission, and on micro- and nanolasers based on a single quantum (QD) 

gain medium. In both cases, it has become increasingly difficult to prove lasing when operating close to the limit of a 

thresholdless laser.                          

           

Fig. 1: (a) Temperature dependent µPL intensity map showing the anticrossing behaviour of a single QD exciton (X) interacting coherently 

with the fundamental mode (C) of a 1.8 µm diameter micropillar cavity at low excitation power (1 µW). (b) Integrated intensity and emission 
energy of the coherently coupled QD-micropillar system vs. excitation power. Strong coupling is maintained well above the transition to laser 

operation at about 13 µW.  

In this work we address the question: how can lasing be (unambiguously) be identified in high- microlasers with 

a few-QD gain medium? This question is challenging from a conceptual as well as from an experimental perspective 

because “classical” indications of laser action such as a pronounced non-linearity in the input-output characteristics 

become smeared out in the high- regime and can disappear completely in case of a thresholdless laser. In order to 

address this question and to illustrate its complexity we study QD-micropillar lasers with different -factors and 

different numbers of QDs in the active layer. Special emphasis is put on single-QD lasing effects micropillar lasers 

operating in the strong-coupling regime.  

In particular, within a comprehensive study we use temperature and excitation power micro-photoluminescence 

(µPL) to identify the strong coupling coupling regime and lasing operation (cf. Fig. 1), Michelson interferometry to 

determine the coherence time, and Hanbury-Brown and Twiss measurements to address the photon statistics of 

emission. Moreover, we apply for the first time a lateral detection scheme which has proven to be a very sensitive 

tool to identify the laser threshold. Indeed, the ratio of emission intensity in axial direction via the cavity mode and 

lateral direction predominantly via leaky modes strongly increases above threshold due to the enhanced directionality 

of laser emission. The experimental work is complemented by theoretical studies which are based on the cluster 

expansion method in the multi-emitter regime and on direct numerical solutions of the von-Neumann-Lindblad 

equation for the quantized cavity field in the single QD regime.  
 
[1] S. Reitzenstein et al., Opt. Express 16, 4848 (2008) 

[2] M. Lermer et al., Appl. Phys. Lett. 102, 052114 (2013) 

[3] C. Gies et al., Opt. Express 19, 14370 (2011). 
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Temporal and Spatial Coherence and its Applications 

Yuri V. Rostovtsev 

Department of Physics, University of North Texas, Denton, TX 

 

Interaction of strong and broadband field with atomic systems under the action of an off resonance 

strong pulse of laser radiation is revisited. The cooperative resonance has been found and demonstrated 

for several schemes. We consider the initial and boundary problems and demonstrate possibilities of 

cooperative resonances in two‐ and three‐level atomic media to generate coherent fields.  

 

 

Speaker: Yuri Rostovtsev
Session: Novel Optics
Schedule: Thursday evening invited session

PQE-2015 257



Cavity-controlled cooperative emission:              
From the collective Lamb shift to EIT and beyond 

Ralf Röhlsberger and Johann Haber 
Deutsches Elektronen-Synchrotron DESY,Notkestr. 85, 22607  Hamburg, Germany 

 
Planar waveguides acting as cavities for x-rays recently paved the way to explore 
concepts of cooperative emission in 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 enables 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] and spontaneously 
generated coherences [3]. Thus, x-ray cavities can be considered as new laboratory 
to explore fundamental aspects of controling the light-matter interaction at x-ray 
energies [4]. 
 
In this contribution I investigate the evolution of 
cooperative emission in a cavity with 
increasing size (thickness) of the nuclear 
ensemble. At small thicknesses the nuclei are 
collectively exited in a single radiative 
eigenmode that exhibits a strong superradiant  
enhancement and a pronounced collective 
Lamb shift [1], see Fig. 1a. With increasing 
thickness a  second ‘subradiant’ mode 
gradually emerges that destructively interferes 
with the superradiant mode, eventually 
merging into an EIT-like spectral response that 
is most pronounced if two nuclear ensembles 
occupy a node and an antinode in the 
wavefield of the cavity [2], as shown in Fig. 1b. 
In this configuration, the dispersion relation of 
the spectral features closely  resembles that of 
resonant emitters in the strong-coupling limit of 
cavity QED.  
 
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) 
[3] K. P. Heeg, R. Röhlsberger, J. Evers et al., Phys. Rev. Lett. 111, 073601 (2013) 
[4] K. P. Heeg and J. Evers, Phys. Rev. A 88, 043828 (2013) 

Fig. 1: The placement of thin layers (dark  
grey lines) of Mössbauer nuclei in the 
wavefield of an x-ray cavity facilitates the 
observation of  the many facets of cooperative 
emission from extended samples, ranging 
from the collective Lamb shift (a) and 
electromagnetically induced transparency (b) 
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 Ultracold Rydberg atoms are in vogue because their exaggerated properties- size, 
polarizability, dipole moment, lifetime- allow for precise control of interactions between 
Rydberg atoms and between Rydberg and ground state atoms. A Rydberg excitation in an 
ultracold atomic gas can be tuned to form ultralong-range Rydberg molecules with exceptional 
properties; a particular example of Born-Oppenheimer potential for an excited Rb(np) interacting 
with a Rb(5s) is shown.
 Such BO potentials are oscillatory, reflecting the 
imprint of Rydberg wave functions, have binding 
energies in MHz or GHz [1] and have been observed [2]. 
The dominant interaction is the zero-range interaction 
between the Rydberg electron and the ground state atom. 
These resulting homonuclear molecules can possess 
permanent electric dipole moments [3], something 
quantum mechanical symmetry arguments strictly 
prohibit. We will discuss these issues.
 If one now has a polar molecular, see figure 
below, in place of a ground state atom, the underlying 
interaction is long-range and anisotropic. The electric 
field due to the Rydberg electron and ion is

2

potentials with respect to the Rydberg electron basis set
used. In section IV we present the Stark spectrum and
electronic state control of the lowest vibrationally bound
states of the Rydberg molecule. Finally in section V we
summarize our results and propose future avenues of in-
quiry.

II. ADIABATIC HAMILTONIAN

We model our system along the lines of Ref. [14] where
the interaction of a Rydberg atom with a polar molecule
has been investigated in absence of any external fields.
The polar molecule is modeled as a two-level system in
which the opposite parity states are mixed in the presence
of an electric field, i.e.,

Hmol =

✓
0 �~d0 · ~F

�~d0 · ~F �

◆
, (1)

where � is the zero field splitting between the two molec-

ular states (as in a ⇤-doublet molecule), ~d0 is the perma-
nent dipole moment of the molecule in the body fixed
frame, and F is an electric field external to the polar
molecule. Specifically, the electric field stems from the
Rydberg electron (Fe), the Rydberg core (Fc), and a su-
perimposed external field (Fext), i.e.,

~F (~R,~r) = ~Fe + ~Fc + ~Fext (2)

= �e
~R

R3
� e

~r � ~R

|~r � ~R|3
+ ~Fext, (3)

where e is the electron charge, ~R is the core-polar
molecule separation vector and ~r is the position of the
Rydberg electron with respect to the core. Hence, Eq. (1)
describes the coupling between the internal states of
the polar molecule and the Rydberg atom, as well as
the influence of the external electric field on the polar
molecule’s internal states. The system under consider-
ation is illustrated in Fig. (1). We remark that, as in
Ref. [14], the model Hamiltonian (1) is suitable for ⇤
doublet kind molecules where a permanent dipole arises
from the interaction of two opposite parity electronic
states. Furthermore, we only consider subcritical dipoles,
d0 < dc = 1.63D.

Hamiltonian (1) depends on the mutual orientation of
the electric fields involved. Here, we assume the mini-

mal energy configuration where ~d0 is aligned by the elec-
tric field of the ionic core (conveniently defined as the z-
direction). As shown in Refs. [13, 14] the Rydberg atom
– polar perturber complex gives rise to a giant overall

dipole moment ~d in the kilo Debye regime. Hence, adding
an external field will immediately lead to an orientation
of this dipole along the field direction. Here we choose the

external field antiparallel to the z-axis, ~Fext = �Fext~ez,
such that we find the overall situation depicted in Fig. 1

FIG. 1: A qualitative sketch (not to scale) of the Rydberg
atom – polar perturber system is shown. We adopt the mini-

mal energy configuration where the total dipole ~d is oriented

by an external electric field ~Fext. The dipole ~d0 of the polar
perturber, on the other hand, possesses two di↵erent parity
states, namely, being parallel or antiparallel to the external
field, respectively. Here we depict the expected ground state
configuration when the dipole resides between the Rydberg
electron and the ionic core.

where the polar perturber is localized on the positive z-

axis, ~R = Rẑ. Eq. (2) then becomes

F (~R,~r) =
e

R2
+

e cos ✓~r�~R

|~r � ~R|2
� Fext, (4)

where ~F (~R,~r) = F (~R,~r)~ez and ✓~r�~R = (~r� ~R) · ~R/R|~r�
~R|. This means that the projection m of the Rydberg

electron angular momentum along ~R is conserved.
To find the BO potentials, we solve the adiabatic

Schrödinger equation at fixed polar molecule location
~R = Rẑ,

Had (R;~r,�) = U(R) (R;~r,�), (5)

with

Had = HA + Hmol. (6)

As in Ref. [14], the first term, HA = � ~2

2me
r2

r + Vl(r) +
HS , describes the unperturbed Rydberg atom but now
with addition of the Stark e↵ect

HS = Fextr cos ✓~r (7)

of the Rydberg atom. The core penetration, scattering,
and polarization e↵ects of the Rydberg electron are ac-
counted for by the l-dependent model potential Vl(r) [10],
giving rise to the quantum defects of the low angular mo-
mentum Rydberg states. me is the electron mass,  is the
electron wave function, and � is a coordinate signifying
the internal states of the polar molecule. The eigenvalues
U(R) of Eq. (5) serve as the sought-after BO potentials
for the polar perturber.

The BO potentials have now the peculiar molecular 
orientation symmetries. What can be done with such 
polyatomic Rydberg molecules will be discussed. 
 If the Rydberg excitation becomes so large as to 
encompass macroscopic size objects, such as a BEC, 
exciting stuff happens. 

[1] Greene, Dickinson, and Sadeghpour, PRL 85, 2458(2000).
[2] Bendkowsky et al, Nature 458, 1005(2009).
[3] Li et al, Science 334, 1110(2011).
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How an electron may catch an atom, a 
molecule; or an entire BEC?
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Probing complex electron hole dynamics in polyatomics with 

XUV attosecond spectroscopy 

Arvinder Sandhu 

Department of Physics and College of Optical Sciences, University of Arizona, Tucson, AZ, 85721 

sandhu@physics.arizona.edu 

 

The quantum mechanical motion of charge across a molecule is at the heart of complex 

biological and chemical processes occurring in nature [1]. Ultrafast pump-probe studies of 

valence electron phenomena in neutral molecules suggest that such charge dynamics are often 

mediated through coupled electronic and nuclear motion. However, the real-time evolution of an 

electron hole in a photoionized molecule remains a relatively unexplored facet of the charge 

transfer phenomena. Recent theoretical 

studies suggest that electron hole 

dynamics in complex molecules could 

involve nuclear motion or could also be 

driven by purely electronic correlations 

[2].  The experimental investigation of 

such processes in time-domain requires 

preparation and monitoring of a 

superposition of quantum states in the 

ionized molecule.  

We report our recent 

investigations of the coherent motion of 

an electron hole wavepacket created near 

a conical intersection in CO2 molecule 

[ 3 ]. Using extreme ultraviolet (XUV) 

attosecond pulse train as a pump and 

femtosecond near-infrared (NIR) pulse 

as a probe, we resolved the oscillation of 

the electron hole density between sigma and pi orbitals. We found that these charge dynamics are 

driven by the coupled bending and asymmetric stretch vibrations of the molecule. We also 

quantified the mixing between electron hole states and found that the degree of electronic 

coherence decreases with time due to thermal dephasing. The experimental and theoretical 

results we obtained for the linear triatomic molecule represent the first steps in elucidating the 

inner workings of coherent charge migration processes and pave the way for the application of 

attosecond and femtosecond XUV spectroscopies in the measurement and control of charge 

dynamics in complex biochemical systems. 
 

References: 
                                                             
[1] V. May and O. Kuhn, Charge and energy transfer dynamics in molecular systems, 3rd ed. (Wiley-VCH, 

Weinheim, 2011). 

[ 2 ] S. Lünnemann, A.I. Kuleff, and L.S. Cederbaum, Ultrafast charge migration in 2-phenylethyl-N, N-

dimethylamine, Chemical Physics Letters 450, 232 (2008). 

[3] H. Timmers, Z. Li, N. Shivaram, R. Santra, O. Vendrell, and A. Sandhu, Coherent Electron Hole Dynamics Near 

a Conical Intersection, Physical Review Letters 113, 113003 (2014). 

 
Figure 1. Quantum beating between electron hole states due 

to electron-nuclear coupling in CO2 is reflected in the yield 

of CO
+
 produced in XUV pump and NIR probe experiment. 

The hole oscillation contrast decreases due to thermal 

dephasing 
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On the frequency-difference resonance: an elementary analysis 
 

Wolfgang P. Schleich 
 

Institut für Quantenphysik and Center for Integrated Quantum Science 
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Texas A&M University Institute for Advanced Study (TIAS), Institute for 
Quantum Science and Engineering (IQSE) and Department of Physics and 

Astronomy, Texas A&M University College Station, Texas 77843-4242, 
USA 

 

 
Abstract 

We demonstrate1 that two linearly coupled harmonic oscillators exhibit a 
frequency-difference resonance with exponential gain provided the mass of one 
of the oscillators is negative. Here we follow two different approaches: (i) we 
solve the resulting Newton equations of motion and (ii) express the quantum 
mechanical Hamiltonian in the interaction picture. Moreover, we present three 
physical systems where the phenomenon of a frequency-difference resonance 
occurs: (i) a laser with inversion, (ii) the Dicke model and (iii) the free-electron 
laser. We also connect our analysis with the recent observation of a frequency-
difference resonance in an electronic circuit2.  

 
 

References  
1 E. Giese, W. B. Case, K. Vogel, W. P. Schleich, M. Kleber, M. O. Scully, and 
 R. J. Glauber, On the frequency-difference resonance: an elementary analysis 
 (to be published). 
 
2 A. 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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Observation of generalized optomechanical coupling and cooling on cavity resonance 
 
Roman Schnabel1,2, Andreas Sawadsky2,Henning Kaufer2, Ramon Moghadas Nia3, Farid Ya. Khalili4,  
Sergey P. Tarabrin2,5, Klemens Hammerer2,5 
 
 1 Institut für Laserphysik, Universität Hamburg, Luruper Chaussee 149, 22761 Hamburg, Germany 
 2 Institut für Gravitationsphysik, Leibniz Universität Hannover and Max-Planck Institut für Gravitationsphysik 
   (Albert-Einstein Institut), Callinstraße 38, 30167 Hannover, Germany 
 3 Vienna Center for Quantum Science and Technology (VCQ), University of Vienna, Boltzmanngasse 5,              
   1090 Vienna, Austria 
 4 Moscow State University, Department of Physics, Moscow 119992, Russia 
 5 Institut für Theoretische Physik, Leibniz Universität Hannover, Appelstraße 2, 30167 Hannover, Germany 
 
 
Optomechanical coupling between a light field and the motion of a cavity mirror via radiation pressure plays an 
important role for the exploration of macroscopic quantum physics and for the detection of gravitational waves 
(GWs). It has been used to cool mechanical oscillators into their quantum ground states and has been considered 
to boost the sensitivity of GW detectors, e.g. via the optical spring effect. This contribution presents the 
experimental characterization of generalized, that is, dispersive and dissipative optomechanical coupling, with a 
macroscopic (1.5mm)2-sized silicon nitride (SiN) membrane in a cavity-enhanced Michelson-Sagnac 
interferometer (Fig. 1). We report for the first time strong optomechanical cooling based on dissipative coupling, 
even on cavity resonance, in excellent agreement with theory (Fig. 2). Our result will allow for new experimental 
regimes in macroscopic quantum physics and GW detection. 

        

FIG. 1. Schematic of the optomechanical setup. 
Laser light is split into two beams, which are 
directed towards a translucent and partially retro-
reflecting membrane. Altogether four light beams, 
which are either reflected or transmitted through the 
membrane, interfere at the beam splitter, thereby 
forming a Michelson-Sagnac interferometer. The 
interferometer corresponds to a compound mirror 
whose effective reflectivity depends on the position 
of the membrane. Together with a signal-recycling 
mirror in the interferometer's output port, the setup 
allows for tuning from strong dispersive to strong 
dissipative optomechanical coupling. 

FIG. 2. Observed evidence of generalized opto-
mechanical coupling and cooling on cavity 
resonance. We measured the effective mechanical 
Q-factor versus cavity detuning for four membrane 
positions (2, 3, 4, 5) with an input power of 20 mW. 
Cooling on cavity resonance is clearly visible in the 
first three panels. The last panel confirms the 
theoretically predicted existence of a new instability 
region, which appears at negative (red) detunings. 
Solid lines refer to our theory of generalized 
optomechanical coupling. Regions of instability are 
marked yellow. The error bars represent the 
standard deviation of 5 independent measurements. 
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Nonlinear frequency conversion in WGM resonators 
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Max Planck Institute for the Science of Light, D-91058 Erlangen, Germany 
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Strong nonlinear interactions require high optical fields. One of the most successful platforms for har-
vesting strong nonlinear interactions with continuous wave pumping fields are optical resonators. 
Large optical fields require long confinement times and small mode volumes. A particular successful 
system for nonlinear interactions is that of a whispering gallery mode (WGM) resonator. In such a res-
onator type the light is confined within a die-
lectric by total internal reflection at its circular 
dielectric boundary. Fabrication methods of 
WGM resonators range from lithography and 
etching to thermal reflow to diamond turning. 
Depending on the material choice either se-
cond order or third order nonlinearities can be 
addressed. The confinement by total internal 
reflection allows modes throughout the trans-
parency region of the material. This broad-
band confinement combined with the tight 
guiding of the modes at the rim of the resona-
tor is ideal for nonlinear interaction between 
different frequency domains.  

Broadband nonlinear interactions are ideal for 
mixing remote frequency domains by sum 
frequency generation and for generating oc-
tave spanning frequency combs. The applica-
tions range from ultra stable radio frequency 
sources, all-optical logic operations, single pho-
ton sources and quantum optics, to coherent 
conversion of microwave photons into the tele-
communication domain. Even in the linear do-
main, coupled resonators provide an ideal representation to study parity-time symmetric systems. 

In this talk I will give an overview of the field discussing some of the recent major results and novel 
fabrication techniques. I will then briefly highlight the recent successes in my group of efficiently con-
verting microwave photons into the telecommunication domain.  

 

1. H. Lee et al., “Chemically etched ultrahigh-Q wedge-resonator on a silicon chip,” Nature Photonics 
6(6), 369–373 (2012) [doi:10.1038/nphoton.2012.109]. 

2. M. Sumetsky and Y. Dulashko, “SNAP: Fabrication of long coupled microresonator chains with sub-
angstrom precision,” Opt. Express 20(25), 27896–27901 (2012) [doi:10.1364/OE.20.027896]. 

3. V. Brasch et al., “Photonic chip based optical frequency comb using soliton induced Cherenkov ra-
diation,” arXiv:1410.8598 [physics] (2014). 

 

 

Figure	  Different realizations of WGM resonators, ranging from 
lithography and etching to thermal reflow to diamond turning. 
Depending on the material choice, linear or nonlinear respons-
es featuring second order or third order nonlinearities can be 
addressed. 
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Biological Quantum Heat Engines 

Dmitri V. Voronine1,2 and Marlan O. Scully1,2,3 
1Texas A&M University, College Station, TX 77843 

2Baylor University, Waco, TX 76798 

3Princeton University, Princeton, NJ 08544 

ABSTRACT 

Quantum mechanics and thermodynamics have deep connections which govern 

the behavior of laser and photocell quantum heat engines (QHEs) [1]. The 

question is whether the same principles can be used to understand the light 

harvesting efficiency in photosynthesis and to mimic Nature designs to build 

more efficient solar cells. We describe QHEs inspired by photosynthesis that 

operate under the natural conditions of incoherent excitation by sunlight [2]. 

We investigate parameter regimes where large electric current yield 

enhancement and/or population oscillations are observed and identify noise-

induced quantum coherence as the common origin of these effects. Quantum 

coherence plays a role in enhancing energy and charge transfer efficiencies and 

holds promise for improving the design and boosting the efficiencies of light-

harvesting devices. A broad range of parameter regimes provides flexibility in 

designs and materials. 

       (a)  (b)   
Figure: Photosynthetic reaction center (a) and Fenna-Matthews-Olson (FMO) complex (b) operate as 
biological quantum heat engines.  
 
References: 

1. Scully, M. O.; Chapin, K. R.; Dorfman, K. E.; Kim, M. B.; and Svidzinsky, A. A. “Quantum heat 
engine power can be increased by noise-induced coherence” PNAS 108, 15097 (2011) 

2. Dorfman, K. E.; Voronine, D. V.; Mukamel, S. and Scully, M. O. “Photosynthetic reaction center 
as a quantum heat engine“ PNAS 110, 2746 (2013) 
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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). However, in recent work we found that it 
is possible to get coherent light emitted with no atoms excited, via Quantum Amplification of Superradiant 
Emission of Radiation (QASER). In particular, we found that by 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 lower frequency source. Here, we present a simple analysis based on near-resonant QASER 
operation and on a multiphoton Hamiltonian obtained by, e.g. a canonical transformation. 
     Lasing without inversion (LWI) is a quantum phase sensitive process. More recently, we have been 
studying a form of Quantum Amplification by Superradiant Emission of Radiation (QASER).  A key feature 
of QASER operation is the frequency upconversion of a lower frequency drive. Here, we present a simple 
scheme which sheds light on a QASER operation. The model is depicted in Fig. 1. In particular, we 
develop a model which embodies multiphoton operation, and makes a QASER operation more 
transparent by taking advantage of the simplicity of near-resonant operation as per Fig’s 1 and 2. 

  

 

 
 

 

 

 
 

 

 

                                                            
* M. Scully, Laser Physics, 24, 094014 (2014). 

Figure 1. (a) Strong low frequency field drives atoms which cooperatively 

radiate counter propagating field. (b) Atoms driven from ∣b〉 to ∣a〉 by 
multiphoton absorption while levels ∣a1〉 and ∣a2〉 are coupled nonresonantly, 
drive and signal frequencies are νd and νs, respectively. The drive field 

may be a single photon or an effective multi-photon field as outlined in 

the appendix. 

Figure 2. Shape of the superradiant pulse after time 
t = 100/Ωa obtained by numerical solution for Δ = 2Ωa 
and Ω3/Ωa = 0.3, 0.5 and 0.7 (solid lines). Dashed 
line indicates the initial seed pulse (t = 

0).Vertical axis has logarithmic scale. 
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“Agri-Bio-Photonics Provides Precisiory Analysis 
Associated with Plants and Animals” 

 

Rob Scully, Virgil Sanders, Dwight Bohlmeyer,  
Dmitri Veronine, Narangerel Altangerel,  

Gombojav O. Ariunbold 
 

Texas A&M University 

 

ABSTRACT 

Near-infrared reflectance and Raman spectroscopy have been used in the 

analysis of deer and cattle feces to determine sex and species, tick 

infestation and quality of diet both in the laboratory and in the field. 

Preliminary measurements performed in the field on the Salter Farm Nature 

Trail have demonstrated the great utility of the portable handheld Raman 

Spectrometer. New techniques in combination with this handheld Raman 

device show promise for significant improvement in these measurements. In 

addition, Raman Technology can be used to aid in the early detection of 

disease and stress in agricultural crops.   
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Highly efficient, coherent conversion of microwave photons into the optical regime is a highly desirable 

goal for quantum information technology. Achieving this goal would provide a link between cryogenic 

microwave quantum processing units and the optical telecommunication technology, where the quantum 

states can be transferred and analyzed easily. 

Here we present efficient conversion 

of microwave photons from the K and 

W-band into the telecommunication 

regime via an all-resonant sum 

frequency generation process. Our 

cavity is a mm-sized lithium niobate 

whispering gallery mode resonator 

supporting high-Q modes in the 

microwave as well as in the optical 

regime. While the WGM resonator 

has to be placed in a microwave 

resonator for the long wavelength K-

band photons to avoid leakage, the 

W-band microwaves form already a 

well-confined nearly radiationless WGM. Both approaches have the great advantage that they are very 

compact and technically easy to implement, furthermore, theory predicts, that single photon conversion 

can be reached at room temperature [1]. 

To be efficient, the process has to be all-resonant, meaning, that the three participating frequencies 

(optical pump, optical signal and microwave signal) have to be resonant and phasematched at the same 

time. This can be achieved by exploiting the strong geometric dispersion of the microwave WGMs. We 

simulated the systems numerically and based on these simulations fabricated the resonators to allow 

phasematched operation. Depending on detuning of pump and signal from the resonances and the 

spectral properties of the resonator, we observe up- and/or downconversion of the microwave signals. 

The efficiencies we achieved already exceed the best so far reported values for electrooptic based 

conversion. 

 1 D. V. Strekalov, H. G. L. Schwefel, A. A. Savchenkov, A. B. Matsko, L. J. Wang, and N. Yu, "Microwave whispering-

gallery resonator for efficient optical up-conversion," Phys. Rev. A 80, 033810–5 (2009). 

Left: OSA spectrum of the symmetric sum- and difference frequency generation 
between telecom and W-band microwave regime. The inset shows the mm-sized 
lithium niobate resonator. Right: simulated field distribution of the microwave 
mode. The comparably small resonator leads to strong geometric dispersion. 
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Self–induced transparency in V and Λ systems

Gavriil Shchedrin, Chris O’Brien,
Yuri Rostovtsev, and Marlan O. Scully

Texas A&M University, College Station, TX 77843, USA
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FIG. 1: Space-time propagation of a soliton

through a three–level media

Self-induced transparency is a mecha-

nism that creates a condition for a non-

dissipating propagation of an electromag-

netic pulse through an atomic media that

is completely opaque otherwise. The well-

known McCall-Hahn theorem shows that for

even-π pulses with a hyperbolic secant pro-

file the pulse propagates freely through a

strongly interacting two–level atomic media.

In our talk we present self–induced trans-

parency and corresponding Pulse Area the-

orem for three–level V and Λ systems be-

yond the rotating wave approximation. The

three–level Pulse Area theorem is formu-

lated as a conservation law – the sum of

the field intensities of the two propagating

pulses equals to the population in the excited state which is expressed in terms of the com-

plex pulse areas. The new Pulse Area theorem results in a strong interaction between the

two electromagnetic pulses propagating through a three–level atomic media.

The three–level Pulse Area theorem provides novel ways for a pulse manipulation and

coherent control by applying a control field to the atomic media. The pulse is no longer

constrained to be an even-π pulse but can be modified by the complex pulse area of the

control field. The application of a coherent control field to the atomic media modifies the

space–time propagation of the pulse that provides optimal condition for achieving slow group

velocity of the pulse.
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Single beam coherent anti-Stokes Raman 

scattering with a spectral hole 

Yujie Shen[1], Dmitri Voronine[1][3], Alexei Sokolov[1][3], and 

Marlan Scully[1][2][3] 

[1]. Texas A&M University, College Station, TX 77843 

[2]. Princeton University, Princeton, NJ 08544 

[3]. Baylor University, Waco, TX 76798 

 

ABSTRACT 
Here we demonstrate single beam coherent anti-Stokes Raman scattering 

(CARS) with a spectral hole. Our setup is simple and consists of a modelocked 

femtosecond oscillator and a 4f pulse shaper. The spectral hole is generated by 

placing a needle tip in the Fourier plane of the pulse shaper. The shaped pulse is 

then used for CARS detection of chemical sample [1]. Our current setup can be 

used for both forward detection and backward detection, and is promising in 

achieving low-wavenumber Raman shift (<100cm-1) measurement [2]. 
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1 O. Katz, J. M. Levitt, E. Grinvald, and Y. Silberberg, Opt. Express, 18, 22693 (2010) 
2 Y. Shen, D. V. Voronine, A. V. Sokolov, and M. O. Scully, In preparation 

Figure 1. (a) Picture of our setup. (b) A resolved CARS spectrum from CCl4. 

(a) (b) 
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Quantum Communications with Semiconductor Devices 
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Applying quantum theory to information systems allows functionalities beyond the capabilities 
of conventional network and computer technology.  For example, it provides a direct test of 
communication secrecy, which can be applied to distribution of digital keys, as well as a larger 
suite of cryptographic tools in the longer term.  This talk will present recent progress in 
developing semiconductor-based photon sources and detectors for applications in quantum 
communications, such as quantum teleportation and high bit rate quantum key distribution.   

Single photons and entangled pairs can be generated from the emission of an isolated InAs/GaAs 
quantum dot.[1]  Integration of the dot into a conventional light emitting diode (LED), allows a 
compact, rugged, electrically-driven entangled photon source to be realized, see Fig.1.[2]   The 
talk will present recent results in applying quantum LEDs to quantum teleportation, a basic 
primitive required to move quantum information around in a quantum network or computer.  
Teleportation of both single photons [3] and weak coherent states [4] using entangled LEDs is 
demonstrated, as well as the recent extension of entangled sources to telecom wavelengths. [5] 

(a) (b)

(c)

 
Figure 1 (a) Schematic of an Entangled Light Emitting Diode, consisting of a single self-assembled 
quantum dot within the intrinsic region of a p-i-n resonant cavity LED. (b) Photo of the device.               
(c) Electroluminescence image showing many bright spots due to individual dots.   
[1] Stevenson et al, Nature 439, 179 (2006). [2] Salter et al, Nature 465, 594 (2010). 
[3] Nilsson et al, Nature Photonics 7, 311 (2013). [4] Stevenson et al, Nature Communications 4, 
2858 (2013). [5] Ward et al, Nature Communications 5, 3316 (2014). 
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All-collinear FAST CARS on gases 
 

Anton Shutov1, Dmitry Pestov2, Xi Wang3, Gombojav O. Ariunbold1, Alexei Sokolov1,  
and Marlan O. Scully1,4 

1Texas A & M University, College Station, TX 77843-4242, USA 
2Current address: Biophotonic Solutions, East Lansing, MI 48823, USA 

3Current address: Houston Methodist Research Institute, Houston, TX 77030-2707, USA 
4Baylor University, Waco, TX 76706, USA

The femtosecond adaptive spectroscopic technique 

for coherent anti-Stokes Raman spectroscopy (FAST 

CARS) aims to optimize the laser-pulse configuration 

for rapid detection and identification of chemicals [1-

3]. FAST CARS was used to obtain, for the first time, 

the Raman spectra of bacterial endospores [3, 4] – an 

achievement which had not been considered feasible 

before. The main idea of this technique seems plain, 

but is no less fascinating. Using two ultrashort Stokes-

pump preparation pulses (or even one pulse for 

impulsive Raman excitation) in combination with a 

narrowband delayed probe pulse, provides perfect 

non-resonant four-wave mixing background 

suppression. For this reason, one can choose the time 

delay for the tailored probe pulse such that it overlaps 

the preparation pulses at the node. Figure 1 presents 

the conceptual layout of the technique. 

The high usability of the FAST CARS allows for real-

time monitoring of various gases, for example, CO2, O2 

and N2 concentrations in air [5].  

In our experiment, we obtained a CARS signal for O2 

in the ambient air at a point exactly in front of a nozzle, 

from which N2 gas flows out (see Figure 2a). By 

opening the valve, one can control the flow, as N2 

displaces the air at the observation point. By obtaining 

the CARS signal for oxygen, moving the nozzle 

transversely and longitudinally, it becomes possible to 

build a picture of air mixture composition at various 

point in space. Figure 2b shows an example of the 

collected data for the O2 CARS signal in air. 

[1] M. O. Scully, et al. "FAST CARS: Engineering a laser spectroscopic technique for rapid identification of bacterial spores." 
Proceedings of the National Academy of Sciences 99.17 (2002): 10994-11001. 

[2] B. D. Prince, et al. "Development of simultaneous frequency-and time-resolved coherent anti-Stokes Raman scattering 
for ultrafast detection of molecular Raman spectra." The Journal of chemical physics 125.4 (2006): 044502. 

[3] D. Pestov, et al. "Optimizing the laser-pulse configuration for coherent Raman spectroscopy", Science 316.5822 (2007): 
265-268. 

[4] D. Pestov, et al. "Single-shot detection of bacterial endospores via coherent Raman spectroscopy", Proceedings of the 
National Academy of Sciences 105.2 (2008): 422-427. 

[5] D. Pestov, et al. "Real-time sensing of gas phase mixtures via coherent Raman spectroscopy", Conference on Lasers and 
Electro-Optics. Optical Society of America (2008). 

Fig.1. Schematic layout of FAST CARS in frequency 
and time domain. 

Fig.2 N2 flow displaces air: a) Setup schematics; 
b) O2 CARS signal from air in front of the nozzle. 
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Synthesis of optical vortices in multi-order Raman sideband 

generation. 
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Optical vortices (OV) have seen immense 
interest over many disciplines because of their 
applications (optical tweezers, spanners etc.). 
Moreover, the synthesis of OV in coherent Raman 
generation has much potential for the highly 
efficient production of spatially-structured beams 
of attosecond optical pulses [1].  

In our research, we investigate how 
femtosecond OV interact with a Raman – active 
crystal (PbWO4). Figure 1 presents the generated 
multicolor Raman sidebands. With the help of 
the experimental setup depicted in Figure 2, we 
aim to obtain higher order OV, explore nonlinear 

effects such as the transfer of optical orbital 
angular momentum (OAM), OAM algebra 
(equation shown on Fig. 1 at the top-left) and, 
finally, shape the resulting beams spatially and 
temporally [3, 4]. 

[1] J. Strohaber, M. Zhi, A. V. Sokolov, A. A. Kolomenskii, G. G. Paulus, and H. A. Schuessler. "Coherent transfer of optical 
orbital angular momentum in multi-order Raman sideband generation." Optics letters 37, (2012): 3411-3413. 
[2] M. Zhi and Alexei V Sokolov. “Broadband generation in a Raman crystal driven by a pair of time-delayed linearly 
chirped pulses.” New Journal of Physics 10.2 (2008): 025032. 
[3] M. Zhi, K. Wang, H. Xia, H. Schuessler, J. Strohaber, and A. V. Sokolov. "Generation of femtosecond optical vortices 
by molecular modulation in a Raman-active crystal." Optics express 21, (2013): 27750-27758. 
[4] This material will also be covered in Alexandra Zhdanova’s talk: “Beam shaping and production of vortex beams in 
coherent Raman generation” at PQE 2015. 

Fig.2 Experimental setup for observing higher order 
vortex beams. An approximately linearly chirped pulse is 
obtained by misaligning the compressor in the amplifier. 
The amplified output pulse is split into two by the beam 
splitter (BS) and recombined at the Raman-active crystal 
with a relative time delay later. When a vortex shape is 
applied to the pump beam with the assistance of SLM, 
the generated coherent Raman sidebands acquire 
higher-order vortex shapes [2].  Bottom-right of the 
figure – picture of OV which are obtained using two-color 
Fourier-transform limited femtosecond laser pulses [3].  

Fig.1 Top – energy level diagram of the cascaded Raman 

process. Bottom - experimentally obtained Raman 

sidebands when using two time-delayed chirped pulses – 2 
Stokes (S) and nearly 20 Anti-Stokes (AS) are generated [1]. 
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Science thrives on analogies, and a considerable number of inventions and discoveries have been made by 

pursuing an unexpected connection to a very different field of inquiry. For example, photonic crystals 

have been referred to as “semiconductors of light” because of the far-reaching analogies between electron 

propagation in a crystal lattice and light propagation in a periodically modulated photonic environment. 

However, one aspect of electron behavior, its spin, escaped emulation by photonic systems until recent [1-

8] invention of photonic topological insulators (PTIs). The impetus for these developments in photonics 

came from the discovery of topologically nontrivial phases in condensed matter physics that give rise to 

topologically protected edge states immune to scattering. The realization of topologically protected 

transport in simple PhCs would circumvent a fundamental limitation imposed by the wave equation: 

inability of reflections-free light propagation along sharply bent pathway. Topologically protected 

electromagnetic states could be used for transporting photons without any scattering, potentially 

underpinning new revolutionary concepts in applied science and engineering. 

 

I will provide an overview of the exciting field of PTIs, with particular emphasis on reciprocal photonic 

structures [2-7] that do not rely on magnetic fields. I will also describe a simple photonic structure [6], a 

periodic array of metallic cylinders attached to one of the two confining metal plates shown in Fig.1(a), 

that behaves as a PTI: possesses a complete topological bandgap and emulates spin-orbit interactions.  An 

interface between two such structures supports topologically protected surface waves which can be 

guided without reflections along sharp bends of the interface as shown in Fig.1(d). Perspectives on how 

photonic topological insulators can emulate condensed-matter phenomena will be presented.  

References 
1. Wang, Z., Chong, Y., Joannopoulos, J. & Soljačić, M., Phys. Rev. Lett. 100, 13905 (2008). 

2. Hafezi, M., Demler, E. A., Lukin, M. D. & Taylor, J. M., Nature Physics 7 (11), 907-912 (2011). 

3. Khanikaev, A. B. et al., Nature Materials 12 (3), 233-239 (2013). 

4. Fang, K., Yu, Z. & Fan, S., Nature Photonics 6 (11), 782-787 (2012). 

5. Rechtsman, M. C. et al., Nature 496 (7444), 196-200 (2013). 

6. T. Ma, A. B. Khanikaev, S. H. Mousavi, and Gennady Shvets, http://arxiv.org/pdf/1401.1276v1 

7. Ling Lu, John D. Joannopoulos and Marin Soljačić, Nature Photonics, 8 (11), 821 (2014) 

Figure 1: Propagation of topologically 

protected surface waves (TPSWs) 

along the interface between two 

topologically-nontrivial PTIs shown 

in (a). (b) 1D band structure, black 

circles: bulk modes, blue lines: TPSW, 

arrows: spin state. (c) Energy density; 

and Poynting vector of a TPSW at the 

frequency 𝜔 indicated by a black arrow 

in (d). (d) Transmission spectrum 

𝑇(Δ𝜔) through the zigzag path, where 

Δ𝜔 = 𝜔 − 𝜔𝐺  is the detuning from the 

bandgap center. Red line: 𝑇 = 0.9. 
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Film-Coupled Nanocubes for Enhancing Photodynamic and 

Nonlinear Processes 

D. R. Smith, M. Mikkelsen 
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, consisting of a plasmon resonant nanoparticle 

separated by a nanometer distance from a conducting film by an insulating spacer, can be 

extremely efficient for enhancing or modifying many optical processes. 

Nanocubes or platelets located above a metallic film are the optical analogs of patch 

antennas, supporting transmission line-like modes that propagate between the two planar 

metal contact regions. Of particular value in the nanocube system is the ability to 

independently control the plasmon resonance of the nanoparticle and the field 

enhancement. The control can be achieved by adjusting the gap thickness as well as the 

nanoparticle width.  

We have applied variants of the film-coupled nanocube and nanopatch system to 

demonstrate and optimize several optical phenomema. For example, we have used a 

nanocube system to strongly enhance the fluorescence from dye molecules embedded 

within the gap region, carefully maximizing the field enhancement and positioning the 

resonance optimally. Using the freedom available in the nanocube system, the radiative 

efficiency can be better optimized to compete with non-radiative damping channels. 

Further evidence of the strong enhancement can be obtained through a measurement of 

the Purcell factor. For a system consisting of Ru dye molecules, which have an inherently 

long lifetime, we show a 1,000-fold increase in the spontaneous emission rate. This 

increase correlates precisely with detailed numerical simulations that fully account for the 

radiative environment of the nanocube gap region, as well as the dipole orientations of 

the dye molecules. 

Because of the large field enhancements and high radiative efficiency associated with the 

nanopatch system, nonlinear processes such as four-wave mixing or third harmonic 

generation can also undergo significant enhancement and modification. In fact, the 

nonlinearity associated with the plasmonic metal response can potentially serve as the 

primary source of the inherent nonlinearity, opening up the prospect for nonlinear 

plasmonic devices. In recent experiments probing the ultrafast timescales (fs regime), we 

have found extremely large values for the 
(3)

 associated with plasmons propagating on a 

gold film. The additional enhancement of this response with a nanocube medium could 

lead to competitive optical devices. 
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Multicolored Femtosecond Pulse Synthesis 

Using Coherent Raman Sidebands 

 

A. V. Sokolov, K. Wang, A. Zhdanova, M. Shutova, X. Hua 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 

We develop a coherent Raman technique which allows ultrafast laser pulse shaping 

and non-sinusoidal field synthesis. Our approach is based on Molecular Modulation 

that provides 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. Furthermore, we 

have conducted 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. Our experiments go 

hand-in-hand with theory which allows pulse shape retrieval. 
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Topological nature of bound states in the radiation continuum 
 
 
 
Chia Wei Hsu1,2, Bo Zhen1, Jeongwon Lee1, Song‐Liang Chua1, Ling Lu1, A. Douglas Stone3, Steven 

G. Johnson4, John D. Joannopoulos1, and Marin Soljacic1 
 

1 Department of Physics, MIT, Cambridge, MA, USA 
2 Department of Physics, Harvard, Cambridge, MA, USA 

3 Department of Applied Physics, Yale, New Haven, CT, USA 
4 Department of Mathematics, MIT, Cambridge, MA, USA 

 
 
 
 
Topologically  non‐trivial  states  have  been  raising  a  substantial  interest  in  the  electronics 
community  because  of  their  novel  and  unique  properties.  Similarly,  topological  states  in 
photonics display an equally diverse range of novel and surprising phenomena. As an example, 
we  discuss  embedded  eigenstates,  (first  proposed  by  von  Neumann  and Wigner  1929  for 
Schrodinger equation), in photonic crystal systems [1], whose robustness can also be understood 
as emerging from certain topological properties.  
 
 
References 
[1] "Observation  of  trapped  light within  the  radiation  continuum"    Chia Wei  Hsu,  Bo  Zhen, 
Jeongwon Lee, Song‐Liang Chua, Steven G. Johnson, J.D.Joannopoulos, and Marin Soljacic. Nature 
499, 188, (2013). 
[2] “Topological nature of optical bound states in the continuum” Bo Zhen, Chia Wei Hsu, Ling Lu, 
A. Douglas Stone, and Marin Soljacic. Phys. Rev. Lett. in press. 
 
 
 

Speaker: Marin Soljačiç
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Core	  hole	  decay	  dynamics	  in	  atoms	  and	  molecules	  
	  

Steve	  Southworth,	  Robert	  Dunford,	  C.	  Stefan	  Lehmann,	  and	  Antonio	  Picón	  
Argonne	  National	  Laboratory,	  Argonne,	  IL	  60439	  

	  
	  	  	  	  	  Atomic	  inner-‐shell	  photoionization	  triggers	  a	  multi-‐step	  decay	  process	  with	  the	  emission	  
of	  fluorescent	  photons	  and	  Auger	  electrons	  and	  produces	  a	  range	  of	  final	  ion	  charge	  states.	  	  
When	   the	  atom	   is	  part	  of	   a	  molecule,	   the	   core	  hole	   created	  and	   the	   first	  decay	   steps	   can	  
remain	   localized	   on	   that	   atomic	   site,	   but	   charge	   is	   quickly	   redistributed	   to	   neighboring	  
atoms	   and	   the	   system	   Coulomb	   explodes.	   	   The	   buildup	   of	   charge,	   its	   redistribution	   to	  
neighboring	  atoms,	  and	  energetic	  fragmentation	  proceed	  concurrently	  on	  the	  femtosecond	  
time	  scale.	   	  X-‐ray	  absorption	  and	  core	  hole	  decay	  are	  responsible	  for	  radiation	  damage	  of	  
molecules	   and	   materials.	   	   The	   process	   can	   also	   be	   exploited	   as	   a	   medical	   treatment	   by	  
embedding	  heavy	  atom	  compounds	  in	  tumorous	  cells	  irradiated	  with	  x	  rays.	  
	  	  	  	  	  We	  have	   conducted	  a	   series	  of	   experiments	  using	   synchrotron	  x	   rays	   at	   the	  Advanced	  
Photon	   Source	   (APS)	   and	   femtosecond	   x-‐ray	   pulses	   at	   the	   Linac	   Coherent	   Light	   Source	  
(LCLS)	  free-‐electron	  laser	  facility.	  	  "Reaction	  microscopes"	  with	  position-‐sensitive	  multi-‐hit	  
detectors	   are	   used	   to	   record	   the	   recoil	   momenta	   of	   the	   ions	   in	   coincidence.	   	   In	   APS	  
experiments,	  the	  x-‐ray	  beam	  energy	  is	  tuned	  to	  the	  K-‐edge	  of	  a	  heavy	  atom	  (Xe	  of	  XeF2,	  Br	  
and	   I	   of	   BrI	   and	   CH2BrI),	   and	   the	   energetic	   ions	   are	  measured	   in	   coincidence	  with	   a	  Kα	  
(2p→1s)	   or	  Kβ	   (3p→1s)	   fluorescent	   x	   ray.	   	   Specific	   initial	   core	   hole	   states	   are	   thereby	  
selected.	  	  Charge-‐state	  distributions	  from	  the	  molecules	  are	  compared	  with	  those	  of	  Kr	  and	  
Xe	  to	  study	  charge	  redistribution	  and	  other	  molecular	  effects.	  
	  	  	  	  	  At	  the	  LCLS,	  we	  used	  two	  x-‐ray	  pulses	  with	  ∼10	  fs	  durations	  separated	  by	  a	  delay	  in	  the	  
range	   ∼0−50	   fs.	   	   The	   first	   pulse	   produces	   a	   core	   hole	   and	   the	   second	   pulse	   probes	   the	  
breakup	  of	  the	  molecular	  ion.	  	  We	  look	  for	  variations	  in	  the	  charge	  states	  and	  ion	  momenta	  
vs.	   time	  delay.	   	  We	  are	  also	  developing	   theory	  and	  simulations	   to	  derive	  a	  model	  of	   core	  
hole	  decay.	  	  Results	  of	  the	  experiments	  and	  calculations	  will	  be	  presented.	  
	  

	  	  
	  
	  
	  
	  
	  
	  
	  
Inner-‐shell	   photoionization,	   core-‐
hole	  decay,	  charge	  redistribution,	  and	  
Coulomb	  explosion	  of	  XeF2	  molecules.	  	  
The	   processes	   proceed	   concurrently	  
on	  the	  femtosecond	  time	  scale.	  
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Fluctuation-dissipation theorem and fast dynamics of molecular bridges 

V. Špička 

Institute of Physics, Academy of Sciences of the Czech Republic 

 Na Slovance 2, 182 21 Praha 8, Czech Republic 

 

The fluctuation-dissipation (FD) theorems are known to be a constitutive aspect of thermal 

equilibrium. One FD theorem is a part of the linear response theory and relates the response 

functions to their counterpart equilibrium correlation functions. Here, we address the other FD 

theorem, which permits to write all components of the equilibrium one particle equilibrium 

Green's function in terms of the spectral density and a thermal factor. The fluctuation-dissipation 

relation between the correlation and the retarded components of the Green's function depends on 

the existence of temperature and is lost out of equilibrium. Still, the components of the non-

equilibrium Green's function (NGF) [1] retain some inner interconnection which may be termed 

the fluctuation-dissipation structure out of equilibrium. There is an exact formulation in terms of 

reconstruction equations generating the correlation components in terms of the propagators and 

the non-equilibrium distribution function. These equations can lead to a Generalized Master 

equation or to a Master equation [1,2]. 

 

This approach will be related to the dynamics of open quantum systems, which are represented 

by a simple structure of a molecular bridge. The transient dynamics of electrons is induced by 

rapid changes in the coupling between the leads and the bridge [2]. Without interactions the 

model is soluble to the end. The effect of many body interactions at the bridge is, however, well 

mimicked by the tunneling of electrons to the leads. We first explore this analogy and obtain a 

complete description of the transients for arbitrary initial correlations represented by off-diagonal 

coherences between the initial electron state of the bridge and of the leads. Second, we show the 

calculation of the excess magnetic current carried by a molecular bridge shunting the magnetic 

junction. The system is represented by two ferromagnetic electrodes bridged by a molecular size 

island with a few discrete electronic levels and a local Hubbard type correlation [3]. Three stages 

of non-equilibrium evolution of the molecular bridge model, the first described by the full NGF 

description, the second, ruled by the asymptotically exact Generalized master equation (GME), 

and the third, governed by a Markovian master equation (ME), will be related to each other [1,2]. 

 

[1] V. Špička, A. Kalvová, B. Velický, Int. J. Mod. Phys B 28, 1430013 (2014). 

[2] V. Špička, A. Kalvová, B. Velický, Physica Scripta T151 E 42, 522 (2012). 

[3] A. Kalvová, V. Špička and B. Velický, J. Supercon. and Novel Mag. 26, 773 (2013). 
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Random and Chaotic Lasers: Why They’re Interesting and What 

They’re Good For 
 

A. Douglas Stone – Dept. of Applied Physics – Yale University 
 
Random and wave-chaotic lasers challenge the prevailing conceptual framework of laser 
physics since their lasing modes cannot be understood by a semiclassical ray interference 
picture.  In addition, they are typically highly open systems, unlike conventional cavities, 
which in many cases have passive cavity finesse less than unity, implying that they 
support no measurable resonances in linear scattering.  Hence one cannot think of the 
lasing modes as simply equivalent to passive cavity resonances enhanced with sufficient 
gain to self-oscillate.  Understanding such lasers fully required a generalization of the 
standard semiclassical laser theory, which has been achieved via Steady-state Ab Initio 
Laser Theory (SALT).  This is a set of self-consistent non-linear and non-hermitian wave 
equations for the multimode steady-state of a laser system, which determines the exact 
solution of the laser equations in a large and physically relevant parameter range. These 
equations provide great insight into the physics of random and chaotic lasers. In addition, 
the SALT equations are significantly more computationally tractable than brute force 
FDTD methods, and are therefore make it practical to treat spatially complex and random 
lasers, where one is typically interested in the statistical properties of an ensemble of 
lasers, and not one specific cavity design.  Moreover, the equations can be treated 
analytically for random lasers in the interesting two and three-dimensional cases.  I will 
report results from a rigorous SALT-based statistical theory of random and chaotic lasers. 
A property of random and chaotic lasers is that many of the lasing modes have similar 
linear thresholds, leading to highly multimode lasing.  Light emitted from such lasers 
thus has a relatively low degree of spatial coherence and can be used as a unique, high 
photon degeneracy light source for imaging applications.  This has been demonstrated 
recently for both random and chaotic laser systems.  
 

                          
 

Fig. 1: Comparison of D-shaped semiconductor wave-chaotic cavity laser (a,b) to similar Fabry-
Perot laser (not shown) for imaging of an Air Force resolution test chart through a glass diffuser. 
The highly speckled image, (c), is from the Fabry-Perot and image (d) is from the D-laser  
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Seeing	  Chemistry	  in	  Live	  Cells	  through	  Stimulated	  Raman	  Scattering	  Microscopy	  

Yanyi	  Huang	  
Biodynamic	  Optical	  Imaging	  Center,	  College	  of	  Engineering,	  and	  College	  of	  Chemistry	  

and	  Molecular	  Engineering,	  Peking	  University,	  Beijing	  100871,	  China	  
Yanyi@pku.edu.cn	  

	  
Quantitative	  single-‐cell	  analysis	  enables	  the	  characterization	  of	  cellular	  systems	  with	  
a	  level	  of	  detail	  that	  cannot	  be	  achieved	  with	  ensemble	  measurement.	  Nonlinear	  
optical	  microscopy	  exploits	  light−matter	  inter-‐	  actions	  that	  are	  intrinsic	  to,	  and	  often	  
specific	  to,	  the	  unique	  optical	  properties	  of	  chemical	  compounds	  and	  structures.	  I	  
will	  explore	  quantitative	  cellular	  imaging	  applications	  with	  nonlinear	  microscopy	  
techniques,	  majorly	  the	  coherent	  Raman	  scattering	  and	  transient	  absorption.	  These	  
techniques	  have	  demonstrated	  powerful	  applications	  in	  tissue	  imaging	  and	  in	  vivo	  
diagnostics	  in	  which	  many	  cells	  and	  cell	  types	  must	  be	  interrogated	  in	  unison.	  	  
	  
One	  strategy	  to	  achieve	  high	  specificity	  while	  avoiding	  large	  fluorescent	  molecule	  
labels	  is	  to	  label	  proteins	  or	  cellular	  components	  of	  interest	  with	  small	  tags	  which	  
have	  distinct	  vibrational	  signatures.	  Deuterium,	  alkyne,	  and	  azide,	  for	  example,	  all	  
display	  a	  Raman	  peak	  in	  the	  “silent	  region”	  of	  the	  spectrum,	  a	  spectral	  region	  in	  
which	  cells	  typically	  do	  not	  have	  any	  significant	  Raman	  peaks.	  With	  the	  use	  of	  small	  
chemical	  tags,	  coherent	  Raman	  scattering	  offers	  enhanced	  chemical	  specificity	  with	  
minimal	  perturbation	  of	  the	  system,	  which	  is	  important	  in	  many	  current	  biological	  
research	  endeavors.	  
	  
We	  also	  applied	  the	  transient	  absorption	  microscopy	  to	  image	  nanodiamonds	  and	  
gold	  nanorods	  in	  live	  cells.	  The	  transient	  absorption	  signals	  were	  monitored	  through	  
lock-‐in	  amplification.	  This	  provides	  a	  new	  way	  of	  observing	  nanomaterials	  with	  no	  
need	  of	  fluorescent	  modification,	  and	  with	  no	  interference	  from	  background	  
autofluorescence.	  
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Sum-frequency generation and quantum Zeno blockade in Whispering 

Gallery Mode resonators 
 

Dmitry V. Strekalov1, Abijith S. Kowligy2,  Prem Kumar2, and Yu-Ping Huang3  

1Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California, USA 
2Center for Photonic Communication and Computing, Northwestern University, Evanston, Illinois, USA 

3Department of Physics and Engineering Physics, Stevens Institute of Technology, Hoboken, NJ, USA 

Dmitry.V.Strekalov@jpl.nasa.gov 

 

We report efficient generation of optical sum-

frequency (1560 nm plus 780 nm to 520 nm wavelength 

conversion) in an optically-nonlinear lithium niobate 

whispering gallery mode (WGM) resonator, shown in 

the figure to the right. The resonator’s high quality, Q = 

50 million and 20 million for the two pump wavelengths, 

allows for efficient sum-frequency generation even at a 

very low input optical power [1]. For example, by 

coupling approximately 20 and 40 microwatts of infrared 

CW pump light into the resonator, we collected 1.5 

microwatts of green light.    

Sum-frequency generation requires phase matching 

between the three interacting optical fields. In the 

rotationally-symmetric WGM resonator these conditions 

significantly differ from the free-space conditions [2]. In 

particular, they allow for a broad variety of interacting 

wavelengths, which can be achieved by choosing WGMs 

of different radial orders. We discuss this interesting 

aspect of WGM nonlinear optics for sum-frequency 

generation and other related processes.   

Efficient nonlinear coupling gives rise to interesting nonlinear dynamics when a stronger pump beam 

decouples the weaker signal beam from the resonator mode, enabling all-optical switching or modulation 

applications [3]. At the heart of this phenomenon is the strong nonlinear loss channel, which opens when 

the sum-frequency phase matching is achieved. This extra loss broadens and shifts the resonance, 

decoupling the signal from the resonator. Remarkably, with a strong enough nonlinear coupling, this 

phenomenon is predicted to persist in the single-photon limit, where it can be explained as quantum Zeno 

blockade of one photon with another [4]. With high-Q whispering gallery mode resonators this limit appears 

to be within reach, and we report our progress in this direction. 
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3. D.V. Strekalov, A.S. Kowligy, Y.-P. Huang, and P. Kumar, Phys. Rev. A 89, 063820 (2014). 
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Infrared light is coupled into a lithium niobate 

WGM resonator of 1.3 mm in diameter through 

a diamond prism, and green light is coupled out 

by the same prism. Inset: Once phase matching is 

achieved, absorption resonances of the two pump 

beams correspond to emission resonance of the 

sum-frequency beam. 
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Active Metasurfaces for Terahertz Quantum Cascade lasers: 

Simultaneous control of the polarization state and beam directivity 

Elodie Strupiechonski(a,b), Carl Pfeiffer(c), Anthony Grbic(c), Federico Capasso(a) and Marlan Scully(b) 

(a) Harvard School of Engineering and Applied Sciences, Harvard University, Cambridge, MA, USA  

(b) Baylor Research and Innovation Collaborative, Baylor University, College Station, TX, USA 

(c) Department of Electrical Engineering and Computer Science, University of Michigan, MI, USA 

 

Quantum cascade lasers (QCLs) are compact, powerful, electrically pumped semiconductor sources 

of mid-infrared and terahertz (THz) radiation. Several approaches have been used in the past to gain 

remarkable control over laser beam directionality. These have included using photonic heterostructures 

[1] and coupling to plasmonic structures on the laser facet [2].   

 

 

 

 

 

 

Metasurfaces are two-dimensional optical elements 

capable of manipulating transmitted/reflected 

electromagnetic waves through phase/polarization control at 

a sub-wavelength scale [3]. Recent work on integrating a 

metasurface with a QCL has allowed monolithic control of 

the polarization state of the output beam [4, 5].  

 

However, none of these recent approaches have achieved 

simultaneous control of the polarization state and very high 

directivity. Here, we demonstrate that by combining a 

metasurface with a THz QCL, one can achieve lasing with 

virtually any far-field profile and polarization, in an 

integrated (Figures 1 and 2) or monolithic fashion (Figure 3). 

 

[1] Xu, Gangyi, et al. "Stable single-mode operation of 
surface-emitting terahertz lasers with graded photonic heterostructure resonators." Applied Physics 
Letters 102.23 (2013): 231105 
[2] Yu N., and Capasso F. "Wavefront engineering for mid-infrared and terahertz quantum cascade lasers 
[Invited]." JOSA B 27.11 (2010): B18-B35 
[3] Pfeiffer, Carl, and Anthony Grbic. "Controlling Vector Bessel Beams with Metasurfaces." Physical 
Review Applied 2.4 (2014): 044012 

[4] Yu, Nanfang, et al. "Semiconductor lasers with integrated plasmonic polarizers." Applied Physics 
Letters 94.15 (2009): 151101 
[5] Rauter P., et al. “Electrically pumped semiconductor laser with monolithic control of circular 
polarization”. Proc. Natl. Acad. Sci. U.S.A., in press (2014) 

Figure 2. The radiation pattern of the device from 

Fig. 1 showing very high directivity (30 dB) and  pure 

circular polarization in the direction of the main beam 

(solid blue and dashed red curves). 

Figure 1. A central 50um x 

50um THz QCL emitting at 

𝝊 ≈ 𝟑THz is coupled to a 

surrounding metasurface 

with a diameter 𝒅 = 𝟐. 𝟑 

mm  patterned onto a low 

index dielectric. 

Figure 3. Novel lasing modes, such as a Bessel 

beam, can be generated by using a thin stack of 

layers creating the lasing condition in a 14um-

thick, 400um-radius monolithic device. Virtually 

any far-field profile and polarization state can be 

obtained with the same approach. 
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Fundamentals and applications of Surface Nanoscale Axial 
Photonics (SNAP)  

M. Sumetsky 

Aston Institute of Photonic Technologies, Aston University, Birmingham B4 7ET, UK 
m.sumetsky@aston.ac.uk 

 
Surface Nanoscale Axial Photonics (SNAP) is a novel platform for fabrication of ultralow loss 
integrated photonic circuits with unprecedented sub-angstrom precision [1, 2]. The fundamentals of 
this platform as well as its recent and potential applications are discussed. Recent demonstrations of 
SNAP applications include fabrication of series of 30 coupled microresonators with the precision 
better than 0.7 angstrom in their radius variation [3] and fabrication of a breakthrough slow light 
delay line based on a few nanometre high semi-parabolic SNAP resonator (Fig. 1(a)) [4]. Potential 
applications of SNAP include slow light microfluidics, including trapping and manipulation of 
microfluidic components, nanoparticles, and atomic clouds with specially designed SNAP resonators 
distributed along fibre capillaries (Fig. 1(b)) [5] and bulk fibres. Another potential application is a 
miniature and arbitrary low repetition rate broadband frequency comb generator. This device 
consists of a specially designed SNAP resonator, which has the parabolic nanoscale radius variation 
corrected for the nonlinear effects and material dispersion to arrive at the spectrum illustrated in 
Fig. 1(c). 
 

 
 

Fig. 1. (a) – 2.8 nm high semi-parabolic SNAP resonator delay line [4]; (b) – 5 nm high triangular SNAP resonator for 
microfluidic sensing and manipulation [5]; (c) – Illustration of the spectrum of a SNAP resonator for frequency comb 
generation.     
 

1. M. Sumetsky, D. J. DiGiovanni, Y. Dulashko, J. M. Fini, X. Liu, E. M. Monberg, and T. F. Taunay, “Surface nanoscale 
axial photonics: robust fabrication of high-quality-factor microresonators,” Optics Lett. 36, 4824 (2011). 

2. M. Sumetsky, “Theory of SNAP devices: basic equations and comparison with the experiment,” Optics Express 20, 
22537 (2012). 

3. M. Sumetsky and Y. Dulashko, “SNAP: Fabrication of long coupled microresonator chains with sub-angstrom 
precision,” Optics Express 20, 27896 (2012).  

4. M. Sumetsky, “Delay of Light in an Optical Bottle Resonator with Nanoscale Radius Variation: Dispersionless, 
Broadband, and Low Loss”, Phys. Rev. Lett. 111, 163901 (2013). 

5. M. Sumetsky, “Slow light optofluidics: a proposal,” Optics Lett. 39, 5578-5581 (2014). 
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Practicality of enhancement and spasing with metal nanoparticles 

Greg Sun 

University of Massachusetts Boston 

 
With a rigorous analytical model of clear underlining physics, this talk is to evaluate the 
practicality of using metal nanoparticles for the enhancement of optical properties of various 
active objects of similar or smaller dimensions placed in close proximity of the nanoparticles, 
and the feasibility of employing the electrically injected semiconductor-metal nanoparticle to 
generate stimulated emission of surface plasmons often referred to as spaser. 
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QASER: from radio frequencies to optical domain 
Anatoly Svidzinsky 

Texas A&M University, College Station, TX 77843 

QASER is a device that 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 (Fig. 1c). I will review the concept of the QASER making a 

connection with the combination resonance in a system of asymmetrically coupled 

parametric oscillators. I will demonstrate the QASER amplification mechanism at radio 

frequencies in coupled RLC circuits (Fig. 1a) and microwave cavities (Fig. 1b). I will also 

discuss possible realization of the QASER at optical frequencies in gases and nonlinear media 

with negative refractive index or strong anomalous dispersion (Fig. 1d). 

 

 

 

 

 
 [1] A.A. Svidzinsky, L. Yuan and M.O. Scully, Phys. Rev. X 3, 041001 (2013). 

Figure 1: (a) Radio frequency analog of QASER: two RLC circuits are connected by a capacitor and a 
multiplier M which yields nonreciprocal coupling. (b) Microwave analog of QASER: two microwave 
cavities of different resonant frequencies are connected by frequency mixers and amplifiers which 
makes coupling nonreciprocal (c) Collective modes of electromagnetic field interacting with atomic 
medium. (d) Generation of lower (higher) frequencies in a positive (negative) index nonlinear 
material by the sum (difference) combination resonance. 
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Boson sampling in time

with input bosons of arbitrary spectra

Vincenzo Tamma and Simon Laibacher
Institut für Quantenphysik and Center for Integrated Quantum Science and

Technology (IQST), Universitt Ulm, D-89069 Ulm, Germany

Multi-boson interference based on correlated measurements is at the heart of many fundamental phenom-
ena in quantum optics and of numerous applications in quantum information. Recent works have demon-
strated the feasibility of multi-boson experiments based on higher order correlation measurements well beyond
the first two-boson experiments of Shih-Alley and Hong-Ou-Mandel. In particular, a lot of attention in the
research community was drawn to the so-called boson sampling problem (BSP), formulated as the task to
sample from the probability distribution of finding N single input bosons at the output of a passive linear
interferometer. The BSP can not be efficiently solved with a classical computer since it is connected with the
computation of an exponential number of multi-boson output probability amplitudes dependent on random
complex matrix permanents, whose calculation is a #P -problem . The BSP has triggered several multi-boson
interference experiments as well as studies of its characterization. All these remarkable experiments call for a
full description of arbitrary multi-boson interferometric schemes based on correlated measurements of single
bosons with arbitrary spectra.

We provide such a description in the context of the BSP although our analysis is relevant for general
interferometric schemes [1]. Indeed, in its current formulation, the BSP relies only on sampling over all
possible subsets of detected output ports regardless on when each detection occurs. However, in general
experiments, the sampling process also depends on the times the single bosons are detected within the
resolution of the detectors (see Fig. 1). Our analysis of multi-boson correlation interferometry allows to
generalize the BSP to the boson sampling in time from the overall relevant output probability distribution
depending on both the detected output ports and on the corresponding detection times. In particular, we
highlight how the N-boson probability density as a function of all possible samples defined by the detected
ports and the respective detection times can be fully described in terms of permanents of matrices depending
on the interferometer evolution and on the temporal distributions of the bosons. This is a manifestation of
the interference of all possible N ! multi-boson quantum paths from the sources to the N detectors and
generalizes the Hong-Ou-Mandel and Shih-Alley “dip” to arbitrary N -order correlation measurements in
general interferometric configurations with single boson sources of arbitrary spectra.
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Fig. 1. Setup for the boson sampling in time: N single bosons are injected into an N -port subset S of the M
input ports of a random linear interferometer. They can be detected at the output, in any possible sample
D containing N of the M output ports at N corresponding detection times {td}d∈D. For each output port
sample D and given input configuration S, the evolution through the interferometer is fully described by a
N ×N submatrix U(D,S) of the original M ×M interferometer matrix U .

References

1. V. Tamma and S. Laibacher. arxiv:1410.8121, arXiv:1409.7426, 2014.
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Optical Frequency Comb Generation in Aluminum Nitride 

Microresonator 
 

Hojoong Jung and Hong X. Tang* 
Department of Electrical Engineering, Yale University, New Haven, Connecticut 06511, USA 

 

Optical frequency combs can be generated by cascaded four-wave mixing with Kerr nonlinearity.  

Recently, by taking advantage of the field enhancement effect in high quality (Q) factor cavities, comb 

generations using continuous wave (CW) laser have been demonstrated in various materials, such as silica 

toroids, doped silica glass ring resonators, silicon nitride micro-ring resonators, diamond micro-ring 

resonators, crystalline CaF2 and MgF2 micro-toroids and etc. Aluminum nitride (AlN) possesses strong 

Kerr nonlinearity which can be used to generate optical frequency comb by cascaded four wave mixing 

[1]. Also it has strong Pockels effect which allows electro-optic modulation [2]. Here, we take advantage 

of both effects and demonstrate comb generation using on-chip aluminum nitride microring, high speed 

switching of the optical frequency comb,[3] and cascaded frequency conversions among the comb lines. 

[4]. 

 
(a) IR frequency comb generated in 60 

width structure (right inset). Estimated power in the bus waveguide is 600 mW and 0.5 % of gathered output power 

is used for spectrum measurement.  (b) The greenly glowing microring under daylight. (c) The microscope image 

without a filter and (d) with a 750 nm long pass filter. (e) The microscope image with the 750 nm long pass filter 

when on-resonance (top) and off-resonance (bottom). The white dashed lines represent the bus waveguides and the 

white dotted boxes on the left represent the input fibers. The white arrows indicate the ends of the bus waveguides of 

the chip. 

 
 

[1] H. Jung, C. Xiong, K. Y. Fong, X. Zhang, and H. X. Tang, “Optical frequency comb generation from aluminum 

nitride micro-ring resonator,” Opt. Lett. 38, 2810 (2013). 

[2] C. Xiong, W. H. P. Pernice, and H. X. Tang, “Low-loss, silicon integrated, aluminum nitride photonic circuits 

and their use for electro-optic signal processing,” Nano Lett. 12, 3562 (2012).  

[3] H. J. Jung, K. Y. Fong, C. Xiong, H. X. Tang, “Electrical tuning and switching of optical microcomb  generated 

in aluminum nitride micro-ring resonators”, Optics Letters 39, 26 (2014) 

[4] H.J. Jung, R. Stoll, X. Guo, D. Fischer, H. X. Tang, “Green, red, and I frequency comb line generation from 

single IR pump in AlN microring resonator”, Optica, accepted (2014) 
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Building fractional quantum Hall states with light

M. Hafezi1, P. Adhikari1, J. M. Taylor1,2

1 Joint Quantum Institute, University of Maryland, College Park, MD
2 Joint Center for Quantum Information and Computer Science,
National Institute of Standards and Technology, College Park, MD

Photons provide high coherence, long-lived quantum excitations with a diverse set of applica-
tions in quantum optics, quantum communication, and quantum computation. Considering the
viability of photons as a platform for quantum simulation, we describe an approach for generating
many-body states of light that may be robust with respect to a variety of experimental imperfec-
tions. As an example case, we focus our efforts on the creation of fractional quantum Hall states for
light. This example highlights challenges in single-particle physics, such as the creation of synthetic
gauge fields for photons; nonlinear optics, including developing strong photon-photon interactions
sufficient for fractional quantum Hall regimes; and fundamental questions about stabilizing near
equilibrium many-body states of light via artificial chemical potentials.

FIG. 1: A lattice of parametric coupled non-
linear microwave resonators for realizing an in-
teracting Bose gas of photons with a synethic
gauge field, as detailed in Ref. [1].

In our specific implementation, we work with mi-
crowave circuit QED systems, which the Josephson junc-
tion provides a strong nonlinearities sufficient to imple-
ment all of the above tasks. One crucial part is developing
synthetic gauge fields via parametric couplers in a lattice
of microwave resonators (Fig. 1), while simultaneously
creating strong, three-photon interactions to enable gen-
eration of a parent Hamiltonian for the Pfaffian fractional
quantum Hall state [1].

However, that by itself does not suffice to get to the
fractional quantum Hall regime – we also need the possi-
bility to stabilize the interacting system at a finite photon
number via appropriate pumping. Our approach to solve
this challenge involves fast modulation of the coupling
of the photonic system to a finite temperature bath via,
e.g., parametric couplers or electromechanical couplers.
The leads to the creation of a grand canonical ensemble
for photons with a finite chemical potential, which in turn
could be applicable to a wide variety of photonic systems.
Specific implementations, using circuit-QED or optomechanics, are feasible using current technolo-
gies, and we show a detailed example demonstrating the emergence of Mott Insulator-superfluid
transition in a lattice of nonlinear oscillators [2]. Our approach paves the way for quantum simu-
lation, quantum sources and even electron-like circuits with light.

[1] M. Hafezi, P. Adhikari, J. M. Taylor, Phys. Rev. B., 90, 060503R (2014).
[2] M. Hafezi, P. Adhikari, J. M. Taylor, arXiv:1405.5821 (2014).
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Extreme light absorption architectures for solar-to-fuel conversion 

 

Isabell Thomann 

Electrical and Computer Engineering Department, Rice University, Houston, Texas, USA 

Email: isabell.thomann@rice.edu, web site: http://thomann.rice.edu/ 

 

 

Concepts from metamaterials, plasmonics and nanophotonics are expected to be highly 

beneficial for the design of future solar energy conversion devices. Here, I will describe how we 

use these concepts to design advanced photoelectrode architectures for two challenging 

photocatalytic reactions: water splitting and CO2 reduction. We focus on the light management 

aspect in extremely thin absorber structures to achieve broadband omnidirectional solar 

absorption while carefully choosing materials systems that allow for efficient charge separation 

and catalytic activity. Complementing these materials and device design efforts, we are 

developing an experimental characterization toolbox, including photoelectrochemical techniques 

and ultrafast spectroscopic techniques that will allow us to analyze the influence of distinct 

plasmon-induced effects on photocatalysis. 
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Fighting scattering with phase beam shaping

J.V. Thompson1, B.H. Hokr1, V.V. Yakovlev1, and M.O. Scully1,2,3

1Texas A&M University, College Station, TX, 77843, USA
2Princeton University, Princeton, NJ, 08544, USA

3Baylor University, Waco, TX, 76798

Abstract

By modulating the phase of spatial components of a beam of laser light, the amount
of light scattered by a scattering medium can be reduced.1,2 A laser beam is passed
through a two dimensional liquid crystal spatial light modulator which modulates the
phase of the laser beam as a function of transverse position. The modified laser beam
is focused into a scattering medium. The transmitted light is imaged using a camera.
Using the image as feedback, optimization algorithms3,4 determine the phase mask to
apply to the spatial light modulator for optimum transmission through the scattering
medium.
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a b Figure: Experimental setup
(above). SLM, spatial light
modulator; BS, beamsplitter;
M, mirror; L, lens; S, scat-
tering medium. The images
taken before (a) and after (b)
optimization are also shown.

1I. M. Vellekoop and A. P. Mosk, “Focusing coherent light through opaque strongly scattering media”,
Opt. Lett. 32, 2309 (2007).

2A. P. Mosk et al., “Controlling waves in space and time for imaging and focusing in complex media”,
Nat. Photonics 6, 283–292 (2012).

3I. M. Vellekoop and A. P. Mosk, “Phase control algorithms for focusing light through turbid media”,
Opt. Commun. 281, 3071–3080 (2008).

4D. B. Conkey et al., “Genetic algorithm optimization for focusing through turbid media in noisy envi-
ronments.”, Opt. Express 20, 4840–9 (2012).
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Novel Rabi-Induced Sideband Emission in 

Dense Rubidium Vapor 
A. J. Traverso1, J. V. Thompson1, C. W. Ballmann1, B. H. Hokr1, C. O’Brien1, 

L. Yuan1, A. A. Svidzinsky1, M. O. Scully1,2,3, V. V. Yakovlev1 

1Texas A&M University, 2Princeton University, 3Baylor University 

 
 

Dense Rubidium vapor (1016-1017cm-3) was pumped using intense 

picosecond pulses (~5 𝜇𝐽) detuned from the D2 or D1 transitions of Rubidium. Fast 

transient (~ps) emission was then observed in the forward and backward 

direction of the pump path that seemingly follows a detuning of √Δ2 + Ω2 from 

the pump laser, where Δ is the Pump Laser detuning from D2 or D1 and Ω is the 

Pump Rabi frequency. This strong directional sideband emission is likely due to a 

fast buildup of the atomic coherence of the system. 

(Left) Emission spectra (x-axis) of Rubidium in the backward direction as the wavelength of the 
Pump laser is scanned (y-axis).  The black ovals highlight the regions exhibiting the novel sideband 
emission. (Right) The sideband emission was measured in the time domain using a monochromator 
and Time of Flight/PMT system.  The sideband emission exhibits Intense, transient behavior clearly 
detuned from the pump laser. 
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Medical Imaging with Optics and Photonics 
Bruce J. Tromberg, Ph.D., bjtrombe@uci.edu 

Beckman Laser Institute and Medical Clinic, University of California, Irvine 92617-1475 
 

Quantitative characterization of tissue structure and function across spatial scales is one of the most 
challenging problems in Biomedical Imaging. Field of view, depth of interrogation, and resolution are critical 
features that dramatically impact image quality and information content. Optical methods can provide a 
single scalable platform for medical imaging by manipulating the spatial, spectral, and temporal properties of 
the light source.  This allows for control of optical path length, localization of light beneath the surface, and 
selection of various contrast mechanisms including absorption, scattering, and fluorescence. This talk 
presents an overview of optical methods used for intrinsic signal optical imaging of tissue structure and 
biochemical composition.   

High resolution imaging methods employ gating strategies such as geometric, interferometric, and 
non-linear interactions to preserve coherent information content and suppress distortions from multiple light 
scattering. These techniques are particularly sensitive to spatial variations in refractive index and molecular 
composition within and between cells. Coherent imaging approaches can achieve resolution on the order of 
the optical wavelength but are generally limited to probing depths of approximately 1 transport mean free 
path (l*), or ~1-2 mm for near infrared (NIR) light in typical tissues. Methods such as optical coherence 
tomography (OCT) and non-linear optical microscopy (NLOM) are complementary high resolution techniques 
that employ broadband and ultrafast NIR sources. NLOM imaging studies will be presented that illustrate its 
potential use in the clinic for label-free, non-invasive, diagnosis of melanoma in skin cancer patients. 
Contrast is derived from two-photon excited fluorescence (TPEF) of cofactors in mitochondria, melanin in 
melanosomes, and combined TPEF and second harmonic generation (SHG) of extracellular matrix proteins 
(1).  

When coherent light is launched into tissue, it becomes largely incoherent and nearly isotropic at 
distances greater than 1 transport mean free path (~ 1 mm) or at times greater than tens of picoseconds for 
a pulsed source.  Under these conditions, light is spread out over an expanded volume, and photons can be 
modeled as particles that behave according to a diffusion approximation to the Radiative Transport Equation 
(RTE). Multiply scattered photons carry information about spatially averaged absorption and scattering 
properties along the propagation path: typical NIR absorption mean free paths are ~10 cm, while scattering 
lengths are 20 to 40 µm. Diffuse Optical Spectroscopy and Imaging (DOSI) methods using spatially- and 
temporally-modulated sources and model-based (e.g. RTE, diffusion) analyses are used in this regime to 
characterize tissue and separate the effects of absorption from scattering (2).  

DOSI is capable of dynamic in vivo functional imaging with variable, but limited, spatial localization. 
Quantitation of multiple optical contrast elements including absorption, scattering, fluorescence, and speckle 
can be achieved using methods for controlling optical path length in conjunction with computational models. 
This allows formation of 2D and 3D images of various optical and physiological properties such as blood 
flow, vascular density, extracellular matrix composition, and cellular metabolism. Particular emphasis is 
placed on determining the tissue concentration of oxy- and deoxyhemoglobin, lipid, and water, as well as 
tissue scattering parameters.  

Clinical study results will be shown highlighting the sensitivity of broadband temporally-modulated 
DOSI to breast tumor metabolism in order to detect cancer and monitor drug therapies (3). Spatial 
frequency-domain imaging (SFDI) will be introduced as a method for non-contact, wide-field mapping and 
tomograpy of subsurface tissue structure and hemodynamics. Relationships between micro- and 
macroscopic optical contrast will be discussed throughout, using examples that illustrate the interplay 
between cellular metabolic demand and vascular supply of oxygen and nutrients. These capabilities will be 
placed in the context of conventional methods in order to assess the current and future role of optics and 
photonics in medical imaging, image-guided therapy, and personal health monitoring. 

 
1) Balu M, Kelly KM, Zachary CB, Harris RM, Krasieva TB, Koenig K, Tromberg BJ. Distinguishing between Benign and 
Malignant Melanocytic Nevi by In Vivo Multiphoton Microscopy. Cancer Res 74:2688-97 (2014). 

2) O'Sullivan TD, Cerussi AE, Cuccia DJ, Tromberg BJ. Diffuse optical imaging using spatially and temporally modulated 
light. J Biomed Opt. 17(7):071311 (2012). 

3) Tromberg, BJ, Pogue, BW, Paulsen, KD, Yodh, AG, Boas, DA, Cerussi, AE, Assessing the Future of Diffuse Optical 
Imaging Technologies for Breast Cancer Management, Med. Phys., 35(6), 2443-2451, (2008). 
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Long-lived coherences in multilevel quantum systems under weak-field 
incoherent excitation: Analytical and numerical results 

 
Timur V. Tscherbul and Paul Brumer 

 
Department of Chemistry and Center for Quantum Information and Quantum Control,  

University of Toronto, Toronto, Ontario, M5S 3H6, Canada 
 

We develop an efficient theoretical method for calculating the dynamical evolution of 
multilevel quantum systems under weak-field incoherent excitation. The method is based on 
the Bloch-Redfield (BR) quantum master equation combined with the partial secular 
approximation for one-photon coherences, and results in a set of modified BR equations that 
can be directly parametrized by the magnitudes of transition and decay rates, and the angles 
between transition dipole moments in the energy basis.   

We apply the modified BR equations to explore the dynamics of incoherent light-
induced cis-trans photoisomerization of the retinal chromophore in rhodopsin using a well-
established two-state two-mode model (Fig. 1) [1,2]. We find analytical solutions to the master 
equation for the V-type system and observe long-lived Agarwal-Fano coherences in the regime 
where the excited-level splitting is small compared to the radiative decay width [3]. The 
analytical solutions provide a nearly quantitative description of multilevel excited-state 
populations and coherences in both the small and large-molecule limits.  

 
[1] S. Hahn and G. Stock, J. Phys. Chem. B 104,  
1146 (2000). 
[2] T. V. Tscherbul and P. Brumer, J. Phys. Chem. A 
118, 3100 (2014). 
[3] T. V. Tscherbul and P. Brumer, Phys. Rev. Lett.  
113, 113601 (2014). 

 
 
 
	  
	  

trans

cis

CI

Figure 1: The two-state, two-mode model of 
retinal isomerization [1,2]. Horizontal lines 
represent stationary eigenstates; vertical arrows 
represent excitation by incoherent light, and 
”CI” stands for conical intersection between 
the ground and excited diabatic potentials. 
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Far-from equilibrium phenomena at light-matter interfaces

Hakan E. Türeci

Department of Electrical Engineering, Princeton University, Princeton, NJ 08544, USA

Quantum matter coupled to enhanced optical fields in confined geometries such as resonators and waveg-
uides offer a promising platform to study far-from-equilibrium emergent phenomena. Excitations of such
systems are typically hybrid quasiparticles inheriting long-range coherence properties of photons and strong
interactions derived from its material excitations in a controllable proportion. Unavoidable photon loss to-
gether with the possibility of external driving renders these systems open quantum systems giving rise to
interesting transient dynamics, and nonequilibrium steady states that generally can not be described by equi-
librium quantum statistical physics. This symposium brings together experts working on non-equilibrium
quantum phenomena with light and matter, realized in a variety of physical systems: Condensation vs. lasing
in dye-filled microcavities (Weitz); Spatially complex macroscopic states of exciton-polaritons in microcavity
lattices (Bloch); Fractional Quantum Hall states of polaritons in coupled superconducting circuits (Tay-
lor); The physics of the self-organization transition of an optically driven condensate in a cavity (Donner);
Condensation and lasing in organic materials (Keeling).

In my talk I will first discuss our own recent efforts1,2 at understanding what a quantum phase transition
of photons may look like in a network of Cavity Quantum Electrodynamics (CQED) systems, where photons
become itinerant. Surprisingly this has lead us back to the very origin of Quantum Electrodynamics and
the Quantum Theory, namely to Planck and Einstein’s theory of thermal cavity radiation. We find the
modification to the Planck-Einstein theory due to the backaction from (material) oscillators and show that
a Cavity QED network displays an instability towards a ferroelectric phase when light-matter coupling is
sufficiently increased. The steady-state we find in this system corresponds to thermalization of the CQED
network with the surrounding electromagnetic vacuum. The true potential of coupled light-matter systems is
however unleashed in driven Cavity QED networks. I will discuss a general method to use photon-mediated
interactions between qubits to drive them to a long-distance entangled state with an arbitrarily long lifetime.3

We find that photon-mediated interactions provide a highly versatile toolbox to engineer the unitary and
dissipative dynamics of spatially separated qubits, with important implications for an infinitely long-lived
distributed quantum memory.

Photon-mediated forces also play a role in the self-organization transition of an optically driven condensate
coupled to a cavity. In this system cavity-mediated long-range interactions between atoms, tunable by the
drive strength, lead to softening of an excitation mode recently observed in experiments (discussed by
Donner). I will discuss our earlier work where we have predicted a critical exponent for photon flux that is
different from its equilibrium counterpart4 and the nature of the peculiar drive-dependent atomic damping
observed in recent experiments.5

1. References

[1] M. Schiro, M. Bordyuh, B. Oztop, H. E. Tureci, ”Phase Transition of Light in Cavity QED Lattices”,
Phys. Rev. Lett. 109, 053601 (2012).

[2] M. Schiro, M. Bordyuh, B. Oztop, H. E. Tureci, ”Quantum Phase Transition of Light in the Rabi-Hubbard
Model”, J. Phys. B 46, 224021 (2013).

[3] C.Aron, M. Kulkarni, H. E. Tureci, ”Steady-state entanglement of spatially separated qubits via quantum
bath engineering”, Phys. Rev. A 90, 062305 (2014).

[4] B. Oztop, M. Bordyuh, O. E. Mustecaplioglu, H. E. Tureci, ”Excitations of optically driven atomic
condensate in a cavity: theory of photodetection measurements”, New J. Phys. 14, 085011 (2012).

[5] M. Kulkarni, B. Oztop, H. E. Tureci, ”Cavity-mediated near-critical dissipative dynamics of a driven
condensate”, Phys. Rev. Lett. 111, 220408 (2013).
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Stable Microwave Synthesis Using High-Q Microcavities 
 

Kerry Vahala1, J. Li1, X. Yi1, H. Lee1, S. Diddams2 
1 California Institute of Technology, Pasadena, California 

2 National Institute of Standards and Technology, Boulder, Colorado 
 

Lightwave-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). 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 a small form factor device.  In this 
area, photonics has made remarkable progress 
with compact resonant devices that provide 
large storage time or equivalently high optical 
Q factor (figure 1).    

The use of high optical coherence 
Brillouin lasers on a chip for low phase noise 
microwave signal generation is described (3-5).  These devices provide sub-Hertz, short-
term line widths suitable for generation of microwaves by direct detection (4,5). At the 
same time, we also show that many orders of additional frequency stability are available 
from the devices by leveraging optical frequency division techniques. For this 
demonstration, a novel, electro-optical-based method is introduced (6) and used to extract 
stability from co-lasing Brillouin lines within a high-Q microdisk. 

 
(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) Lee, H. et al. Chemically etched ultrahigh-Q 
wedge-resonator on a silicon chip. Nat. Photon 
6, 369 (2012). 
(4) Li, J. et al. Microwave synthesizer using an 
on-chip Brillouin oscillator. Nat. Commun. 
4:2097 doi: 10.1038/ncomms3097 (2013). 
(5) Li, J., Lee, H., Chen, T. & Vahala, K. , 
Characterization of a high coherence,  Brillouin 
microcavity laser on silicon. Opt. Express 20, 
20170 (2012).  
(6) J.Li, X.Yi, H. Lee, S. Diddams, K. Vahala, 
Science 345, 309 (2014). 
 
 

	  
Fig. 1 Optical micrograph showing a 
high-Q disk resonator featuring a Q 
factor of nearly 1 billion (3).  

	  
Fig. 2 Microwave signal at 22 GHz generated 
by detection of co-lasing Brillouin laser lines 
generated using a high-Q disk resonator (4). 
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 Metamaterial Perfect Absorber Based Hot Electron Photodetection  
 

Wei Li and Jason Valentine 

Department of Mechanical Engineering, Vanderbilt University, Nashville, TN 37212, USA 
 

While the non-radiative decay of surface plasmons was once thought to be only a parasitic 
process which limits the performance of plasmonic devices, it has recently been shown that it can 
be harnessed in the form of hot electrons for use in photocatalysis, photovoltaics, and 
photodetectors. Unfortunately, the quantum efficiency of hot electron devices remains low due to 
poor electron injection, and in some cases, low optical absorption. Here, we demonstrate how 
metamaterial perfect absorbers (MPAs) can be used to achieve near-unity optical absorption using 
ultrathin plasmonic nanostructures with thicknesses of 15 nm, smaller than the hot electron 
diffusion length [1]. By integrating the metamaterial with a silicon substrate, we experimentally 
demonstrate a broadband and omnidirectional hot electron photodetector with a photoresponsivity 
that is among the highest yet reported at telecom wavelengths. We also show how the spectral 
bandwidth and polarization-sensitivity can be manipulated through engineering the geometry of 
the metamaterial unit cell. These perfect absorber photodetectors are readily scalable to visible 
wavelengths and could open a pathway for enhancing hot electron based photovoltaic, sensing, 
and photocatalysis systems. 

 
References 

[1] W. Li and J. Valentine, “Metamaterial perfect absorber based hot electron photodetection.,” Nano 
Lett., vol. 14, no. 6, pp. 3510–3514, 2014.  

Figure 1. Performance of the MPA-based hot electron photodetector. (a) Schematic and (b) SEM 
of the device. (c) Optical absorption measurements and simulations for 3 MPAs, all dimensions are in 
nm and H = 135 nm. (d,e) s- and p-polarized absorption demonstrating a low sensitivity to the angle of 
incidence. (e) Measured and calculated photoresponsivity at zero bias, demonstrating a peak 
responsivity >3 mA/W at 1250 nm.  
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Single Photon Superradiance Revisited:
Expanding the Analysis of Subradiant States

Philip A. Vettera,b,c, Da-Wei Wangc, and Marlan O. Scullya,b,c
aPrinceton, bBaylor, cTexas A & M Universities

The symmetric Dicke state is a collective quantum state created by the superposition of
many individual atomic spin states. This Dicke state is the maximally symmetric state
with a total of one excitation, and is the source of Dicke superradiance, a physical phe-
nomenon of atoms collectively interacting with light. In the Dicke limit, where the sample
size R is smaller than λ the resonant radiation wavelength, “single photon superradiance”
is obtained when the symmetric N atom Dicke state

|+〉 = 1√
N

∑

j

| ↓1↓2 · · · ↑j · · · ↓N〉

decays to the ground state | ↓1↓2 · · · ↓N〉, with a rate proportional to N , where the atomic
excited (ground) state of the jth atom is denoted by ↑j (↓j). More precisely, if the single
atom decay rate is γ such that the single atom probability of excitation goes as e−γt, the
probability of excitation of the single photon Dicke symmetric state goes as e−Nγt.

Having received much research attention, the Dicke state is the best understood of the
collective spin states. It appears that a complete Dicke basis for this space has not been
well described. A clear description of a complete Dicke basis will help draw attention to
the subradiant states and help expand our understanding of the collective interaction of
matter with light.

Considering spin alone, the space of possible collective spin states of N spin one-half
particles is an N -fold tensor product

X1 ⊗X2 ⊗ · · · ⊗XN =
N⊗

i=1

Xi

of the individual spin spaces Xi of the single spin one-half particles. The Dicke symmetric
state is but one vector in this 2N dimensional Hilbert space. The state space can be
decomposed into irreducible representations invariant under the rotation group SO(3) or
SU(2). Applications to the superradiant and subradiant decay rates and superradiant
Lamb shift will be discussed.

References
1. R. H. Dicke, “Coherence in spontaneous radiation processes”, Phys. Rev. 89, 472 (1953).

2. M. O. Scully, “Correlated spontaneous emission on the Volga”, Laser Physics 17, 5 (2007).
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The Periodic Table of Correlation Energy 
!

Wilton L. Virgo and Dudley R. Herschbach!
Institute for Quantum Science and Engineering, Texas A&M University!!

The correlation error in the Hartree-Fock (HF) approximation has been called the single greatest 
challenge to the progress of quantum chemistry [1]. Density Functional Theory (DFT), second-order 
Moller-Plesset perturbation theory (MP2) and Coupled Cluster (CCSD(T)) methods have solved the 
correlation problem for some systems, but chemical accuracy (~1kcal/mol) comes at the prohibitive 
price of computational tractability. We present low-cost, yet powerful alternative methods of 

calculating correlation energy in atoms and molecules. One approach involves correlation energy 
fitting for the set of N-electron atoms and cations [2] using a power series expansion in 1/Z, where Z 
is the nuclear charge. The other technique uses renormalization of a dimensional scaling method for 
atoms [3]. These two models enable a Periodic Table description of correlation energy that gives deep 
insight into electronic structure and bonding [4]. The Periodic Table of Correlation Energy can be used 
in an atomic additivity model for molecular hydrides in the united atom limit to estimate the 
correlation energy in simple molecules.!

[1] D.P. O’Neill and P.M.W Gill, Benchmark correlation energies for small molecules, Mol. Phys. 103, 763 (2005).!
[2] E.R. Davidson, S.A. Hagstrom, S.J. Chakravorty, V.M. Umar and C.F. Fischer, Ground-state correlation energies 
for two- to ten-electron atomic ions, Phys. Rev. A, 44, 7071 (1991).!
[3] J.G. Loeser, Atomic energies from the large dimension limit, J. Chem. Phys. 86, 5635 (1987).!
[4] K. Burke, A. Cancio, T. Gould and S. Pittalis, Atomic correlation energies and the generalized gradient 
approximation, arXiv:1409.4834 [cond-mat.mtrl-sci].
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Biological Quantum Heat Engines 

Dmitri V. Voronine1,2 and Marlan O. Scully1,2,3 
1Texas A&M University, College Station, TX 77843 

2Baylor University, Waco, TX 76798 

3Princeton University, Princeton, NJ 08544 

ABSTRACT 

Quantum mechanics and thermodynamics have deep connections which govern 

the behavior of laser and photocell quantum heat engines (QHEs) [1]. The 

question is whether the same principles can be used to understand the light 

harvesting efficiency in photosynthesis and to mimic Nature designs to build 

more efficient solar cells. We describe QHEs inspired by photosynthesis that 

operate under the natural conditions of incoherent excitation by sunlight [2]. 

We investigate parameter regimes where large electric current yield 

enhancement and/or population oscillations are observed and identify noise-

induced quantum coherence as the common origin of these effects. Quantum 

coherence plays a role in enhancing energy and charge transfer efficiencies and 

holds promise for improving the design and boosting the efficiencies of light-

harvesting devices. A broad range of parameter regimes provides flexibility in 

designs and materials. 

       (a)  (b)   
Figure: Photosynthetic reaction center (a) and Fenna-Matthews-Olson (FMO) complex (b) operate as 
biological quantum heat engines.  
 
References: 

1. Scully, M. O.; Chapin, K. R.; Dorfman, K. E.; Kim, M. B.; and Svidzinsky, A. A. “Quantum heat 
engine power can be increased by noise-induced coherence” PNAS 108, 15097 (2011) 

2. Dorfman, K. E.; Voronine, D. V.; Mukamel, S. and Scully, M. O. “Photosynthetic reaction center 
as a quantum heat engine“ PNAS 110, 2746 (2013) 
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Figure 1: Spontaneous oscillations of the 
transmitted beam pattern through 1 cm of gold 
nanofluid (80nm 0.05mg/mL) [inset]: diameter as a 
function of time for illuminating powers of 400 mW 
(top- black), 300 mW (middle-red), and 200 mW 
(bottom-blue). The shutter is opened at time = 0 
and light enters 3mm below the nanofluid meniscus. 

Influence of Solvent Polarity on Light-Induced Nanofluid Heat Cycles and Evidence of 

Heat Dissipation via Nanobubbles 

J. L. Dominguez-Juarez
1
, S. Vallone

1
, A. Lempel

1
, M. Moocarme

1,2
, J. Oh

1
, H. D. Gafney

3
, and L. T. Vuong

1,2
 

1
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2
 The Graduate Center, City University of New York, New York, NY, USA. 

3 
Department of Chemistry, Queens College of the City University of New York, Flushing, NY, USA. 

Luat.Vuong@qc.cuny.edu 
 

One must be cautious when employing conventional laser techniques to characterize 

plasmonic nanofluids: we currently lack precise a priori knowledge of their complex light-

induced behavior, which is tied to a network of thermal, electrochemical, and mechanical 

interactions. Nevertheless, the dynamic optical responses of nanofluids provide, conversely, 

precise signatures of numerous cascaded effects that remain to be characterized. Decoding of 

the transient optical patterns that emerge will provide useful tools for “imaging” the nanofluid 

energy transfer and controlling the interplay of complex interactions. [The filmstrip, left, 

shows snapshots of far-field diffraction patterns when 532nm-wavelength 1uJ-energy 1ps-

pulses travel through 1 cm of disperse gold nanofluid.  The sample is moved right, then left.] 

This investigation is centered on the robust oscillations and heat cycles that 

spontaneously commence when light grazes the meniscus of a plasmonic nanofluid, as shown 

in Fig. 1.  The spatio-temporal oscillations are previously established and point to a class of 

instabilities that occur via the asymmetric dissipation of heat near a “free interface” i.e., meniscus1.i The 

periodic behavior is broadly modeled by a “dripping faucet” or continuously-charging/threshold-discharging 

capacitor, where limit cycles exhibit bifurcations and 

hysteresis2. ii   

Here, we make three claims3:iii that the oscillatory 

nanofluid behavior exhibits a strong dependence on the 

hydrogen bonding of the solvent environment; that 

spontaneous cycles are driven with low light intensity in 

alcohol-water binary-solvent nanofluids; that there exists a 

strong, vertically-discharging heat-dissipation mechanism, 

which would be facilitated by nanobubbles. We further 

demonstrate that an incoherent white-light source can 

drive the nanofluid oscillations, which indicates that 

sunlight illumination close to a nanofluid meniscus will 

induce spontaneous heat cycles when absorbing 

nanoparticles are present. Our understanding of the 

energy storage and transfer associated with hydrogen 

bonding may enable new methods of generating power 

that will not alter the natural carbon cycle of life. 

                                                           
1
 G. Gouesbet, C. Roze, S. Meunier-Guttin-Cluzel, J. Non-Equilib. Thermodyn. 25, 337 (2001). 

2 
P. Garstecki, M. J. Fuerstman, and G. M. Whitesides, Phys. Rev. Lett. 94, 234502 (2005). 

3
 J. L. Dominguez-Juarez, S. Vallone, A. Lempel, J. Oh, M. Moocarme, H. D. Gafney, and L. T. Vuong , submitted (2014). 
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Single‐photon Superradiance: 
Yesterday, Today and Tomorrow 

 
Da‐Wei Wang 

 
Texas A&M University, College Station, TX 77843 

 
Abstract 

 
Timed Dicke  states  (TDS),  the phase‐correlated  single‐photon  superradiant  states, 

have  versatile  interesting  phenomena  such  as  directional  emission  (Fig.a)  [1], 
cooperative Lamb shift [2], and collective Rabi oscillation (Fig.b) which inspired quantum 
amplification by  superradiant emission of  radiation  (QASER)  [3].  It also has promising 
applications  in  Heisenberg  limit metrology  [4]  and  X‐ray  reflection  [5].  Recently, we 
found  that  the  TDS  can  simulate  interesting  condensed  matter  physics  in  easily 
controllable quantum optical systems. The TDS of a collection of three‐level atoms can 
form a  tight‐binding  lattice  in momentum space  [6],  the superradiance  lattice  (SL)  [6]. 
The quantum behavior of electrons in lattices, such as Wannier‐Stark ladders and Bloch 
band collapsing (Fig. c) can be simulated in the SL. The SL can be extended to two, three 
and  higher  dimensions  where  no  real‐space  lattices  exist  and  fascinating  physics 
beckons. 

 

0

1(a) (c)

 p

f

(b)

Figure:  (a)  directional  emission;  (b)  collective  Rabi  oscillation;  (c)  EIT 
absorption spectra demonstrating Bloch band collapsing.   

 
 
[1] Scully et al, PRL, 96, 010501 (2006); Scully, Laser Physics, 17, 635 (2007) 
[2] Scully, PRL, 102, 143601 (2009); Rohlsberg et al, Science 328, 1248 (2010) 
[3] Svidzinsky et al, PRL, 100, 160504 (2008); Svidzinsky et al, PRX, 3, 041001 (2013) 
[4] Wang et al, PRL, 113, 083601 (2014) 
[5] Wang et al, arXiv, 1305.3636 (2013) 
[6] Wang et al, arXiv, 1403.7097 (2014) 
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Simulation of QASER in dense Rubidium with picosecond 
pumping 

Luojia Wang1,2, Luqi Yuan1, Christopher O'Brien1, Anatoly A. Svidzinsky1,3, 
and Marlan O. Scully1,2,3 

1 IQSE and Physics Department, Texas A&M University, 2 Physics Department, Baylor 
University, 3 Physics Department, Princeton University 

 
Recently proposed QASER (quantum amplification by superradiant emission of 
radiation)1 generates light at higher frequencies than the pumping frequency νd and 
operates at the difference combination resonance νd=ω2-ω1, which holds promise for a 
new kind of high-frequency radiation sources. A simple near-resonance pumping 
scheme has been proposed for experimental demonstration of the QASER mechanism 
and motivated a series of experiments with a dense Rubidium cell pumped by a strong 
picosecond pulse at Texas A&M University. 

Here we numerically simulate the near-resonance QASER in a three-level atomic system 
as the model of Rubidium gas. We found the backward emissions of both transitions 
could have QASER-like gain. We considered effects of the pumping pulse and Rubidium 
gas with different parameters and showed the spectral feature of QASER in the 
backward emission. This simulation would provide comparable results for QASER 
experiments. 

 

 

Figure: Scheme of the atomic system (Left), spectra of backward emissions near 795 nm 
(middle) and 780 nm (right) resonances of Rubidium.  

 
1 A. A. Svidzinsky, L. Yuan, M. O. Scully, Phys. Rev. X 3, 041001 (2013). 
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Prolonged Hot Electron Dynamics in Plasmonic Metal-Semiconductor (Au-TiO2) 

Heterostructures with Implications for Solar Photocatalysis 

W. David Wei, Ph.D. 

Department of Chemistry and Center for Nanostructured Electronic Materials, 

 University of Florida, United States, wei@chem.ufl.edu 

 

Using sunlight to facilitate and promote valuable chemical reactions is an ideal solution 

to the challenge of meeting future energy demands.  Our group aims to address 

fundamental questions concerning surface plasmon resonance (SPR)-mediated 

interfacial electron transfer (ET) in 

order to develop new materials and 

strategies for efficiently converting 

solar energy to chemical energy.  

In this talk, I will show how we 

unambiguously reveal the 

mechanics of plasmon-mediated 

electron transfer (PMET) in 

Au/TiO2 heterostructures under 

visible light (λ > 515 nm) during in situ operation.  I will further discuss how we directly 

probe the relaxation dynamics and energetics of the transferred “effective hot electrons” 

that participate in photocatalytic reactions.  I will explore some strategies for 

manipulating “hot electrons” for the rational design and construction of a new class of 

multi-component solar photocatalysts for efficiently producing H2 from water.   

 

J. S. Duchene, B. C. Sweeny, A. C. Johnston-Peck, D. Su, E. A. Stach and W. D. Wei, “Prolonged Hot 
Electron Dynamics in Plasmonic-Metal/Semiconductor (Au/TiO2) Heterostructures,” Angewandte 
Chemie International Edition, 53 (30), 7887-7991, 2014.[Link] 

K. Qian, B. C. Sweeny, A. C. Johnston-Peck, W. Niu, J. O. Graham, Y. Wang, M. H. Engelhard, D. Su, E. 
A. Stach and W. D. Wei, “Surface Plasmon-Driven Water Reduction: Gold Nanoparticle Size Matters,” 
JACS, 136 (28), 9842-9845, 2014.[Link] 
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Quantum Control of Strong Field Ionization 

Thomas Weinacht, Stony Brook University 

Strong Field Ionization plays a central role in the study of ultrafast electron dynamics, 

both as the first step in attosecond pulse generation and in the launch of electron wave 

packets in atoms and molecules. It can also be used as a probe of molecular structure 

and dynamics.  However, there are many aspects of strong field ionization which are 

not understood, particularly for the case of polyatomic molecules, where multiple 

electrons can participate and nuclear motion during ionization complicates the 

dynamics.  I will discuss studies of strong field molecular ionization with ultrafast laser 

pulses whose electric field as a function of time has been tailored using ultrafast pulse 

shaping techniques.  Interpreting the pulse shape dependence of the ionization yield 

allows for insight into the electron dynamics during ionization. Velocity map imaging 

of the photoelectrons in coincidence with the fragment ions produced in the ionization 

process, and close collaboration with theory enables us to determine which states of the 

molecular cation are produced and examine the role of resonances as well as electron 

correlation.  These are important steps toward characterizing electronic wave packets 

produced via strong field ionization and to understanding strong field ionization as a 

probe of molecular structure and dynamics. 
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Frequency combs from normal dispersion silicon nitride microresonators 
 

Xiaoxiao Xue, Yang Liu, Pei-Hsun Wang, Yi Xuan, Steven Chen, Jian Wang,  
Dan E. Leaird, Minghao Qi,  and Andrew M. Weiner 

 

Purdue University, West Lafayette, Indiana 

Kerr frequency combs generated via cascaded wave mixing in microresonators are now extensively 
investigated as a potentially portable technology for applications ranging from frequency metrology to radio-
frequency signal processing [1]. Most studies have emphasized anomalous dispersion microresonators that 
support modulational instability for comb initiation [2-3]. But comb generation is also possible in the normal 
dispersion regime [4-5], for which comb generation physics shows distinct differences.  In this talk I will 
summarize our findings on comb generation in chip-scale, silicon nitride microring resonators constructed from 
few-moded, normal dispersion waveguides.  Salient points include comb initiation aided via mode interactions 
[6,7] and observation of mode-locking transitions in the normal dispersion regime leading to formation of low 
noise, coherent dark pulse structures [7].  

An abstract rendering of our experiments is shown below, accompanied by examples of data.  A single 
frequency laser is coupled into a micro-ring resonator, in our case fabricated in a silicon nitride film.  When the 
laser is tuned into resonance, the intracavity power is strongly enhanced, leading to four-wave mixing mediated 
parametric gain and growth of new frequency lines on other longitudinal resonant modes.  In some cases a micro-
heater is also fabricated, facilitating frequency tuning.  The resulting frequency comb is sent through a pulse 
shaper that manipulates the phases of the different comb lines.  In this way we study the ability to compress the 
comb into bandwidth-limited pulse trains.  This furnishes information both on the coherence of the generated 
comb and allows reconstruction of the intracavity electric field waveform.  Using this approach we observe, for 
the first time to our knowledge in the normal dispersion regime, a transition from low coherence, noisy combs 
into high coherence, low noise, mode-locked combs and report reconstruction of dark pulse waveforms 
accompanied by pronounced frequency modulation at the edges between high and low intensity regions. 

 

 

1.  T. J. Kippenberg, R. Holzwarth, and S. A. Diddams, Science, 332, 555-559 (2011). 
2.  J. S. Levy, A. Gondarenko, M. A. Foster, A. C. Turner-Foster, A. L. Gaeta, and M. Lipson, Nat. Photonics 4, 37-40 

(2010). 
3.  T. Herr, V. Brasch, J. D. Jost, C. Y. Wang, N. M. Kondratiev, M. L. Gorodetsky, and T. J. Kippenberg, Nat. 

Photonics, 8, 145-152 (2014). 
4.  A. A. Savchenkov, A. B. Matsko, W. Liang, V. S. Ilchenko, D. Seidel, and L. Maleki, Opt. Express, 20, 27290-

27298 (2012). 
5.  F. Ferdous, H. Miao, D. E. Leaird, K. Srinivasan, J. Wang, L. Chen, L. T. Varghese, and A. M. Weiner, Nat. 

Photonics 5, 770-776 (2011). 
6. X. Xue, Y. Xuan, Y. Liu, P.-H. Wang, S. Chen, J. Wang, D.E. Leaird, M. Qi, and A.M. Weiner, 

http://arxiv.org/abs/1404.2865 . 
7. Y. Liu, Y. Xuan, X. Xue, P.-H. Wang, S. Chen, A.J. Metcalf, J. Wang, D.E. Leaird, M. Qi, and A.M. Weiner, 

Optica 1, 137-144 (2014).   
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Thermalization Kinetics of Light: Observing the Lasing to 

Bose-Einstein Condensation Crossover 

 

Julian Schmitt, Tobias Damm, David Dung, Frank Vewinger, Jan Klaers, and Martin Weitz 

Institut für Angewandte Physik, Universität Bonn, Wegelerstr. 8, D-53115 Bonn 

 

Bose-Einstein condensation has been observed with cold atomic gases, quasiparticles in solid 

state systems as polaritons, and more recently also with photons in a dye-filled optical 

microcavity [1]. While Bose-Einstein condensation is a thermal equilibrium phase transition, 

lasers operate far from thermal equilibrium with macroscopically occupied optical modes of 

arbitrary energy. We report the observation of a crossover between Bose-Einstein 

condensation and lasing operation, by in situ observation of the photon kinetics in a dye-filled 

microcavity [2]. When the thermalization of the photon gas to the dye temperature by 

repeated absorption and re-emission is faster than photon loss in the cavity, photons 

accumulate at low-energy states near the cavity low-frequency cutoff and form a photon 

Bose-Einstein condensate. The thermalization of the photon gas and the evolution from 

nonequilibrium initial distributions to condensation is monitored in real-time. In contrast, if 

photons leave the cavity before they thermalize, the device operates as a usual laser. 

 

[1] J. Klaers, J. Schmitt, F. Vewinger, and M. Weitz, Nature 468, 545 (2010). 

[2] J. Schmitt et al., arXiv:1410.5713 (2014). 
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Hybrid	  Nanophotonic	  Structures	  for	  Enhanced	  Ultrafast	  Response	  
	  and	  Efficient	  Exciton	  Propagation	  

	  
Gary	  P.	  Wiederrecht	  

Center	  for	  Nanoscale	  Materials,	  Argonne	  National	  Laboratory,	  
9700	  South	  Cass	  Avenue,	  Argonne,	  IL	  60439	  

	  
Nanophotonic architectures will require structures with specific roles, such as structures for nanoscale 
optical switching and others for guiding and propagating energy. Optical switching at the nanoscale can 
be targeted with plasmonic structures that can confine and enhance optical near-fields so as to induce, for 
example, strong nonlinear or ultrafast hot electron responses that modulate extinction. The free electrons 
responsible for plasmonic responses also respond to light on an ultrafast time-scale, making them ideal 
for fast switching opportunities. For propagation of energy in nanophotonic structures, excitonic systems 
inspired by natural photosynthetic membranes represent an opportunity for efficient and directional 
energy transport. In natural photosystems, light harvesting complexes can transport excitons to the 
reaction center core with near unity conversion of absorbed photons to separated charge. A key to this 
process is the high rate of exciton hopping and the directionality of exciton flow due to an energy level 
waterfall effect of excitons in complexes closer to the reaction center core and for the chromophores in 
the reaction center itself.  
 
In this talk, I will discuss recent advances in our efforts on these two fronts, specifically greatly enhanced 
ultrafast responses from hybrid metal-semiconductor systems and enhanced energy propagation and light 
harvesting in hybrid excitonic materials based on quantum dot sensitized porphyrin assemblies.[1,2] The 
hybrid plasmonic systems consist of a thin (2nm) semiconductor layer sandwiched between a gold film 
and an array of gold nanoparticles (Figure 1). Variations in the semiconductor composition and ultrafast 

photon excitation energies produce large changes in the ultrafast temporal and spectral responses. The 
results are analyzed in terms of the impact of energetic surface charge and the ability of the 
semiconductor, depending upon bandgap, to accept the charges. 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. 
 
1. "Energy transfer from quantum dots to metal-organic frameworks for enhanced light harvesting," S. 
Jin, H.-J. Son, O.K. Farha, G.P. Wiederrecht, J.T. Hupp, J. Am. Chem. Soc. 135, 955 (2013). 
2. H. Harutyunyan, A.B.F. Martinson, D. Rosenmann, L.K. Khorashad, A.O. Govorov, G.P. 
Wiederrecht," submitted (2014).  

	  
Figure	  1.	  Shown	  is	  an	  SEM	  image	  of	  a	  typical	  array	  of	  Au	  nanoparticles	  on	  a	  semiconductor	  film	  (left)	  and	  
ultrafast	  time-‐resolved	  reflectivity	  measurements	  for	  the	  case	  of	  a	  2nm	  ZnO	  spacer	  layer	  (right).	  
	  

Speaker: Gary Wiederrecht
Session: Optically active nanostructures and related applications
Schedule: Monday Morning Plenary Session 2

PQE-2015 307



Optical Communications using Multiplexing of Multiple 
Orbital-Angular-Momentum Beams 

 

A. E. Willner 
Department of Electrical Engineering University of Southern Califronia,  

Los Angeles CA 90089 
 

In recent few years, OAM is being considered as a potential method of encoding information 
within high-speed, free-space optical and millimeter-wave (mm-wave) as well as in optical fiber 
communication systems [1]. Communications using OAM beams have emerged as a potential 
technique to increase link capacity and spectral efficiency by multiplexing many spatially 
overlapping beams carrying independent data channels.  

In order to increase the link capacity, OAM multiplexing can be combined with other types of 
multiplexing schemes, such as wavelength and polarization division multiplexing (Fig. 1). In 
general, M different data-carrying OAM beams can exist on two orthogonal polarizations and N 
different wavelengths, such that a total of 2 × M × N independent data channels can be 
transmitted. Recently, a free-space data link with a total capacity of 100-Tbit/s was demonstrated 
by combining wavelength, polarization and OAM multiplexing [2]. The link consisted of 42 
wavelengths, two orthogonal polarizations and 12 OAM modes (a total of 1,008 channels). Each 
channel carried a 50-Gbaud QPSK signal, providing an aggregate capacity of 100.8 Tbit/s (12 × 2 
× 42 × 50 × 2Gbit/s).  

Free-space optical links spanning over long distances may suffer from degrading effects arising 
from atmospheric turbulence. In an OAM multiplexed data link, the receiver distinguishes 
different data channels based on the phase front of the OAM beam that carries it. The phase front 
distortions due to atmospheric turbulence give rise to inter-modal crosstalk. In such links, an 
adaptive optics based compensation technique to simultaneously compensate multiple OAM 
beams propagating through atmospheric turbulence has been demonstrated [3]. A rotatable phase 
screen plate whose phase distribution followed Kolmogorov spectrum statistics was used to 
emulate turbulence. A Gaussian beam on one polarization was used to probe the wavefront 
distortions. Based on this process, a correction pattern was derived to mitigate the turbulence 
effects on the OAM beams.   

In this talk, I will discuss the advancements made in OAM multiplexing to achieve higher 
system capacity and spectral efficiency. Technical challenges in transmission using OAM 
multiplexing will also be presented.  

 

 
Figure 1. Multi-dimensional multiplexing using wavelength, polarization and OAM multiplexing.

References: 
[1] J. Wang et al., Nature Photonics, 6(7), 488-496, (2012). 
[2] H. Huang et al., Optics Letters, 39(2), 197-200, (2014). 
[3] Y. Ren et al., Optica, 1, 376-382 (2014). 
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Probing near the zero susceptibility wavelength in high density

rubidium vapor

Hui Xia1,2, Chris O’Brien2, Ming Li1,2, Szymon Suckewer2, Marlan O. Scully1,2,3

1.Texas A & M University 2.Princeton University 3.Baylor University

Abstract

We observe transmission of a probe pulse passing through rubidium vapor at densities above

1015/cm3, especially when the laser wavelength is near the region between 5S−5P1/2 and 5S−5P3/2

transitions where the real part of susceptibility curve crosses zero. A strong pump laser (intensity

3 × 107W/cm2) preceding the probe pulse significantly modifies the probe transmission except

when the probe wavelength is at the zero susceptibility wavelength (790nm). We present spectral

measurement and diffraction patterns that both manifest the minimum pump influence for a probe

at this wavelength.

1
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Unitary spin squeezing by interference-based quantum erasure 

 
MingfengWang1,2, Weizhi Qu1, Pengxiong Li1, Han Bao1, and Yanhong Xiao1

 

 
1
Department of Physics, State Key Laboratory of Surface Physics and Key Laboratory of Micro and Nano Photonic 

Structures (Ministry of Education), Fudan University, Shanghai 200433, China 
2
Department of Physics, Wenzhou University, Zhejiang 325035, China 

Email: yxiao@fudan.edu.cn 

Spin squeezed state (SSS) of atoms [1] has become one of the most active research areas in recent years 

due to its applications in quantum metrology and quantum information processing. SSS was first introduced 

by Kitagawa and Ueda, who proposed two ways to realize such states. One way is to use a “one-axis-

twisting” (OAT) Hamiltonian, but the SSS it creates is not optimal due to the “swirling” effect [1] during 

the dynamics. To overcome this problem, an alternative method to use a “two-axis-twisting” (TAT) 

Hamiltonian was proposed, leading to squeezing approaching the Heisenberg limit [2]. Although it is much 

more superior, creating physical systems that can implement the TAT Hamiltonian is a challenging task, 

and there are only a few proposals so far [3-5].  

 

Here, we propose a novel and experimentally feasible scheme to realize the TAT Hamiltonian in an atomic 

ensemble. SSS is produced by simply passing a linearly polarized coherent laser beam three times through 

an atomic ensemble, which is initially at a coherent-spin-state and is placed in a homogenous magnetic 

field. The optical field here plays the role of a quantum data bus, which continuously picks up information 

from the spin state and brings them back onto the collective atoms, inducing a strong nonlinear spin-spin 

dynamics to create a high degree of entanglement between atoms. In contrast to previous proposed schemes, 

our method requires neither projection measurements nor special interactions among the atoms, which 

simplifies the experimental implementation and makes it applicable for many physical systems. In this talk, 

we will present analytical and numerical calculation results of the performance of this scheme, and discuss 

experimental plans. 

 

 

 

       Fig. 1. Schematics setup of the proposed two-axis-twisting spin squeezing method. A light beam enters      

       the atomic ensemble, goes through a wave plate, and is reflected back onto the sample. It then goes  

       through another waveplate and passes the gas a third time. When the laser beam exits, it carries no  

       information of the atoms, and leaves the atoms at a spin squeezed state. 

 

 

References: 
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Spin and pseudospins in 2D semiconductors and heterostructures 

 

Xiaodong Xu 

Department of Physics and MSE 

 University of Washington 

 

Abstract 
Electronic valleys are extrema of Bloch energy bands in momentum space. Having multiple 

valleys gives the electron states pseudospin degrees of freedom in addition to their real spin [1]. 

In this talk, I will discuss our experimental progress on the investigation of spins and pseudospins 

using atomically thin semiconductors, which are either single layer transition metal 

dichalcogenides [2] or 2D heterostructures [3]. These new 2D semiconductors behave as 

remarkable excitonic systems, providing an exciting laboratory for optical manipulation and 

electrical control of the valley degrees of freedom. 

 

 

 

 
Figure: (a) Schematic of coupled spin-valley degrees of freedom with optical selection rules. (b) 

Photoluminescence intensity plot of monolayer WSe2 as a function of gate voltage and photon energy, 

showing electrical control of valley excitonic states. Polarization resolved photoluminescence 

measurements under (c) circularly polarized and (d) linearly polarized excitation. (c) shows the generation 

of valley exciton and trion polarization by optical pumping. (d) shows the optical generation of excitonic 

valley coherence.  

 
[1] Xu et al., Nature Physics 10, 343(2014).  

[2] Jones et al., Nature Nanotechnology 8, 634-638 (2013). 

[3] Rivera et al., http://arxiv.org/abs/1403.4985. 
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Seeing	  Cells	  In	  a	  New	  Light	  
	  

Vladislav	  Yakovlev,	  Brian	  Applegate,	  Ryan	  Baker,	  Charles	  Ballmann,	  Berkay	  
Basagaoglu,	  Chitrakar	  Chandani,	  Akhilesh	  Gaharwar,	  Javier	  Jo,	  Roland	  Kaunas,	  

Zhaokai	  Meng,	  Vlad	  Panin,	  Gerogi	  Petrov,	  Christopher	  Schmitz,	  Zachary	  Steelman,	  
Jonathan	  Thompson,	  Andrew	  Traverso,	  and	  Marlan	  Scully	  

	  
Department	  of	  Biomedical	  Engineering,	  Department	  of	  Biophysics	  and	  Biochemistry,	  

and	  Department	  of	  Physics	  and	  Astronomy,	  
Texas	  A&M	  University	  

College	  Station,	  TX	  77843,	  USA	  
	  
	  

Abstract:	  	  
The	  progress	  of	  biomedical	  sciences	  depends	  on	  the	  availability	  of	  advanced	  

instrumentation	   and	   imaging	   tools	   capable	   of	   attaining	   the	   state	   of	   biological	  
systems	   in	   vivo	   without	   using	   exogenous	   markers.	   A	   novel	   way	   to	   image	  
microscopic	   physical	   properties	   of	   biological	   systems	   is	   proposed	   and	  
experimentally	  demonstrated.	  	  
	  

	  
	  
Figure	  1.	  Drosophila	  melanogaster	  is	  a	  model	  organism	  in	  genetics,	  cell	  biology	  and	  
developmental	  biology.	  The	  genome	  has	  been	  fully	  sequenced,	  making	  it	  possible	  to	  
induce	   precise	   mutations	   responsible	   for	   development	   of	   specific	   diseases.	   In	   a	  
particular	   example,	   illustrated	   in	   the	   figure,	   try	   to	   guess	   which	   particular	   flies	  
have	  developed	  muscular	  dystrophy.	   In	  my	  talk,	  a	  novel	  simple	  methodology	  to	  
assess	  and	  microscopically	  image	  those	  types	  of	  changes	  in	  cells	  and	  tissues	  will	  be	  
presented	  and	  illustrated	  with	  a	  number	  of	  examples	  related	  to	  different	  biological	  
systems	  and	  various	  diseases.	  	  
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Deep tissue imaging and analysis by optical time-reversal 

Changhuei Yang 

Professor of Electrical Engineering, Bioengineering and Medical Engineering 

California Institute of Technology 

Abstract 

We appear opaque because our tissues scatter light very strongly. Interestingly, optical 

scattering is deterministic and can be time-reversed in much the same way a ricocheting billiard 

ball can be made to retrace its trajectory if nudged appropriately. I will discuss out recent 

results in using ultrasound tagging in combination with digital optical phase conjugation to 

focus light tightly and deeply within biological tissues. I will also report on our experiments 

using digital optical phase conjugation to tightly focus light on a moving target in a scattering 

medium. These technologies can potentially enable incisionless laser surgery, targeted 

optogenetic activation, high-resolution biochemical tissue imaging and more. 
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Whispering-‐Gallery-‐Mode	  optical	  resonators	  around	  an	  exceptional	  point	  

Ş.	  K.	  Özdemir	  and	  L.	  Yang	  
Electrical and Systems Engineering Department, Washington University, St. Louis, MO 63130, USA 
I will report our experiments on unconventional control of light flow in high-quality whispering-
gallery-mode (WGM) resonators around an exceptional point (EP), which is characterized by the 
coalescence of the eigenvalues and eigenstates of a system. The presence of an EP affects the 
system significantly, leading to nontrivial physics with interesting counterintuitive features. Two 
sets of experiments will be presented. In the first experiment, we show that when the resonator 
system is operated in the vicinity of an EP, the effect of loss could be reversed (Figure 1) [1]. 
Specifically, we demonstrate that the lasing power increases with increasing the loss introduced to 
the system. In the second set of experiments, we demonstrate parity-time(PT)-symmetric WGM 
resonators by coupling two resonators with balanced loss and gain (Figure 2) [2,3]. We observe a  
transition from broken to unbroken PT phase as a function of the coupling strength between the two 
resonators. Field localization occurs in the broken phase, leading to gain saturation and 
enhancement of nonlinearities. This, in turn, enables nonreciprocal light transmission. 

	  
Figure 1. Lasing behavior around an EP. (a) Two directly couple resonators, one of which is approached by 
a light absorber. (b). Evolution of the eigenfrequencies of the supermodes in the complex plane as the loss 
induced by the light absorber (γtip) increases. (c) Lasing spectrum of coupled silica microtoroid resonators 
as a function of increasing loss (γtip). Increasing loss first suppresses and then revives lasing. 

	  
Figure 2. Nonreciprocal light transmission in PT-symmetric optical resonators. (a) Two directly coupled 
resonators, one with loss and other one with gain. (b) Real part of the eigenfrequencies of supermodes as a 
function of intercavity coupling strength. (c) Transmission spectrum in forward direction. (b) Transmission 
spectrum in backward direction. Inset shows the transmission spectrum when there is no input signal. 
 
[1] B. Peng, Ş. K. Özdemir, S. Rotter, H. Yilmaz, M. Liertzer, F. Monifi, C. M. Bender, F. Nori, and L. 

Yang, Science. Vol. 346, Issue 6207, 328-332. (2014). 
[2] S. Boettcher, C. M. Bender, Phys. Rev. Lett. 80, 5243 (1998). 
[3] B. Peng, S. K. Ozdemir, F. Lei, F. Monifi, M. Gianfreda, G. L. Long, S. Fan, F. Nori, C. M. Bender, and 

L. Yang, Nature Physics, 10, 394–398 (2014). 
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Photoacoustic Tomography: Seeing Clearly at Depths 
Junjie Yao, Lihong V. Wang 

Department of Biomedical Engineering, Washington University in St. Louis, St. Louis, MO 63130, USA 

As photons travel deeper into biological tissue, the 
visual power of optical microscopy is rapidly reduced 
by strong optical scattering. Photoacoustic tomography 
(PAT) has overcome this problem by converting the 
deposited optical energy into weakly-scattered 
ultrasound waves [1]. Over the years, we have 
developed multi-scale PAT that takes advantage of 
diffraction-limited optical resolution within the optical 
diffusion limit (~1 mm in tissue) and fine acoustic 
resolution at depths beyond the limit, providing high-
resolution images of biological structures ranging from 
organelles to organs (Figure 1) [2].  

PAT can potentially image all molecules at their own 
absorption wavelengths. The primary endogenous 
absorbers include DNA/RNA, cytochrome, hemoglobin, 
melanin, lipids, and water. In addition, we have explored various exogenous contrast agents, 
including organic dyes, nanoparticles, fluorescent proteins, and reporter gene products, for PA 

chemical, molecular, and genetic imaging (Figure 2) [2].  

We have used PAT to measure a number of functional 
parameters of absorbers and their microenvironments, 
such as the total hemoglobin concentration, oxygen 
saturation of hemoglobin, blood flow speed, metabolic 
rate of oxygen, and pH [2]. Multi-parameter PAT can 
provide a more comprehensive understanding, thus 
benefiting the diagnosis of diseases.  

As a maturing imaging technique, PAT is expected to 
find applications in both fundamental life science and 
clinical practice. In my presentation, I will introduce our 
state-of-art PAT technology and corresponding 
biomedical applications, emphasizing on its functional 
and molecular imaging capabilities.  

1.  Wang, L.H.V. and S. Hu, Science, 2012. 335(6075): p. 1458-
1462. 
2.  Yao, J. and L.V. Wang, Laser & Photonics Reviews, 2013. 7(5): 
p. 758-778.  

 
Figure 1.  Noninvasive label-free PAT of (a) 
tumor angiogenesis in a mouse ear and (b) the 
cortical vasculature in a mouse brain. Note 
the capillary-level resolution. 

 
Figure 2. Multi-contrast PAT of (a) 
DNA/RNA in cell nuclei (shown in blue), 
(b) hemoglobin in red blood cells, (c) a 
subcutaneously inoculated B16 melanoma 
labeled with targeted gold nanocages 
(shown in yellow), (d) a mouse mammary 
gland tumor which expressed a near-
infrared fluorescent protein iRFP (shown in 
blue). 
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Radiation from Strongly Pumped Dense Rubidium Vapor 

Zhenhuan Yi1, Matthew T. Morrison1, Chris O'Brien1, Charles Ballmann1, Jonathan Thompson1, 

Alexei Sokolov1, Gombojav O. Ariunbold1,2 and Marlan O. Scully1,3,4 

1Texas A&M University, College Station, TX 77843, USA; 2National University of Mongolia, 

Ulaanbaatar 210646, Mongolia; 3Princeton University, Princeton, NJ 08544, USA; 4Baylor 

University, Waco, TX 76798, USA. 

Abstract: Atomic coherence effect has revealed 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. In order to observe 

this effect, we experimentally 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 cells pumped by tunable pulsed laser and (2) rubidium heatpipe pumped by 

1064 nm pulses from Nd:YAG laser. We present and interpret observed emissions in these 

systems.  We also analyze some effects that could hinder the observation of QASER. 

 

 

 

 

 

Fig. 1: Backward emission from Rubidium cell 

when wavelength of the strong ns-pulse was 

tuned across the D1 (795nm) and D2 (780nm) 

resonances of Rubidium. Note that the two 

isolated spots are cross emissions (pump on D1, 

emission on D2, and vice versa). 

Fig. 2: The temporal profile of the cross emission 

D2 and inset shows the pump dependence of the 

sharp peak portion of the signal. 

[1] A.A. Svidzinsky, L. Yuan, and M.O. Scully, 

Phys. Rev. X 3, 041001 (2013) 
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Towards Cooperative Resonance Effects in Rubidium Vapor  

Matthew T. Morrison1, Zhenhuan Yi1, Chris O'Brien1, Brett Hokr1,  

Alexei Sokolov1, Gombojav O. Ariunbold1,2 and Marlan O. Scully1,3,4 

1Texas A&M University, College Station, TX 77843, USA; 2National University of Mongolia,   

Ulaanbaatar 210646, Mongolia; 3Princeton University, Princeton, NJ 08544, USA; 4Baylor 

University, Waco, TX 76798, USA 

Abstract: We study characteristics of fluorescence generated in rubidium vapor orthogonally to 

an input beam. In particular, the emissions’ dependence on the detuning of the input field and 

the atomic number density (and therefore the collective frequency) is investigated.  Our 

preliminary results show that there is an optimum number density to achieve maximal emission 

and that this optimum density depends on how far the input beam is detuned from the D1 

transition of rubidium.  These results are obtained using a narrow line geometry for the input 

beam profile.  This ongoing work promises to shed light on understanding cooperative 

resonance effects in rubidium vapor. 

 

Fig. 1: Transmission of the pump scanned over 

5GHz around D1 (795 nm) transition of rubidium 

at different atomic densities (represented by Ω𝑎). 

Bottom: the blue curve is an Étalon reference 

with FSR= 2.5 GHz and the green curve shows the 

lowest three absorption dips of a natural 

abundance rubidium reference cell when laser 

was scanned. 

Fig. 2: The radiation from the rubidium in the 

direction perpendicular to the incident pump 

beam.  

Ω𝑎 = √
3𝑛𝜆2𝛾𝑐

8𝜋
 is the collective atomic frequency 

and is a function of the atomic density.  
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Nonlinear Spectroscopy of Symmetry Breaking 2D Semiconductor 
Atomic Monolayer 
Xiaobo Yin 
Materials Science and Engineering Program, Department of Mechanical Engineering, 
University of Colorado, Boulder, Colorado 80309. 
 
Transition metal dichalcogenide (TMDC) monolayers have recently emerged as an important 
class of two-dimensional semiconductors with potential for electronic and optoelectronic 
devices. Unlike semi-metallic graphene, layered TMDCs have a sizeable bandgap. More 
interestingly, when thinned down to a monolayer, TMDCs transform from indirect-bandgap to 
direct-bandgap semiconductors, exhibiting a number of intriguing optical phenomena such as 
valley-selective circular dichroism, doping-dependent charged excitons and strong photocurrent 
responses. However, the fundamental mechanism underlying such a strong light–matter 
interaction is still under intensive investigation. Using nonlinear optical spectroscopy, we report 
experimental evidence of a series of excitonic dark states in single-layer WS2 using two-photon 
excitation spectroscopy. In combination with GW-BSE theory, we prove that the excitons are of 
Wannier type, meaning that each exciton wavefunction extends over multiple unit cells, but with 
extraordinarily large binding energy (~0.7 electronvolts), leading to a quasiparticle bandgap of 
2.7 electronvolts. These strongly bound exciton states are observed to be stable even at room 
temperature. We reveal an exciton series that deviates substantially from hydrogen models, with 
a novel energy dependence on the orbital angular momentum. These excitonic energy levels are 
experimentally found to be robust against environmental perturbations. Moreover, 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)1, 2. 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 evolutions3, 4. 
 

1 Huang, P. Y., et. al., Grains and gran boundaries in single-layer grapheme atomic patchwork quilts, Nature 469, 389-
392 (2011). 
2 A. M. van der Zande, et. al., Grains and grain boundaries in highly crystalline monolayer molybdenum disulfide, 
Nature Materials 12, 554 (2013). 
3 Jaramillo, T. F., et. al., Identification of active edge sites for electrochemical H2 evolution from MoS2 nanocrystals, 
Science 317, 100-102 (2007). 
4 Karunadasa, H. I., Montalvo, E., Sun, Y. J., Majda, M., Long, J. R., Chang, C. J., A molecular MoS2 edge site mimic 

for catalytic hydrogen generation, Science 335, 698-702 (2012). 

                                                 

Speaker: Xiaobo Yin
Session: Novel Optics
Schedule: Thursday afternoon invited session

PQE-2015 318



Functional Monitoring of Cerebral Hemodynamics in Brain with Diffuse Light 
 

Arjun G. Yodh 
Department of Physics & Astronomy 

University of Pennsylvania 
Philadelphia, PA 19104-6396 

yodh@physics.upenn.edu 
 
 
 Functional diffuse optical imaging and spectroscopy of tissue is gaining 
momentum as a diagnostic in a variety of medical scenarios including functional 
activation and clinical studies of brain, cancer imaging and therapy monitoring, and 
investigation of muscle disease [1].  I will review some recent research, especially 
research oriented towards non-invasive measurement of cerebral hemodynamics in adult 
and pediatric populations through intact skull. To this end, recent progress monitoring 
management of ischemic stroke at the bedside will be discussed [2, 3]. Other pilot 
investigations include optical measurements of cerebral responses during transcranial 
magnetic stimulation (TMS), studies in pediatric populations probing the effects of 
sodium bicarbonate to ameliorate metabolic acidosis, and, finally, new probe pressure-
dependent measurement paradigms which can be used to separate cerebral from extra-
cerebral vascular signals.  
 
References 
1. Durduran, T., Choe, R., Baker, W.B, Yodh, A.G., Reports on Progress in Physics, 
73, 076701 (2010). 
2. Mesquita, R.C., Durduran, T., Yu, G., Buckley, E.M., Kim, M.N., Zhou, C., Choe, 
R., Sunar, U., Yodh, A.G., Philosophical Transactions of the Royal Society A 369, 4358-
4379 (2011).  
3. Durduran, T., Zhou, C., Edlow, B.L., Yu, G., Choe, R., Kim, M.N., Cucchiara, 
B.L., Putt, M.E., Shah, Q., Kasner, S.E., Greenberg, J.H., Yodh, A.G., Detre, J.A., Optics 
Express 17, 3884-3902 (2009); Favilla, C.G., Mesquita, R.C., Mullen, M., Durduran, T., 
Lu, X.P., Kim, M.N., Minkoff, D.L., Kasner, S.E., Greenberg, J.H., Yodh, A.G., Detre, 
J.A., Stroke 45, 1269-1274, (2014). 
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 Generation of a 1.8 fs pulse train by simply controlling transparent-
plate thickness placed on the optical path 

 
Kazumichi Yoshii, Yoshitaka Nakamura, Kohei Hagihara, and Masayuki Katsuragawa 

Department of Engineering Science, University of Electro-Communications, 1-5-1Chofugaoka, Chofu-shi, Tokyo, Japan 182-8585 
katsuragawa@uec.ac.jp 

 
 
Control of spectral phase is crucial for generating ultrafast pulses.  Recently, we have found an attractive technology 
to generate a train of ultrashort pulses which is composed of a relatively discrete spectrum [1].  The technology is 
extremely simple and robust, just placing a few thin dispersive materials on the optical path and adjusting their 
thicknesses precisely. 
     In general, pulse duration of ultrashort pulses are broadened when they propagates in a positively dispersive 
medium.  However, if the ultrashort pulses is composed of a discrete spectrum with a frequency-spacing typically 
greater than tens of THz, the pulse duration can be recovered to the transform limit (TL) condition after some 
propagation lengths in a positively dispersive medium. Surprisingly, we find such conditions a lot within a material 
thickness range of a few mm. Also, such conditions can be explored by numerical optimization (numerical 
exploration of pulse compression (NEC) method) [1]. 
     As the first trial for the verification of NEC method, we demonstrated generating ultrashort pulses for high-order 
stimulated Raman scattering components with a discrete frequency-spacing of 125 THz (total bandwidth: 499 THz). 
The high-order Raman components were generated by adiabatically driving the pure-vibrational transition in 
parahydrogen. A pair of fused silica glass plates with a thickness of 5.041 mm was used as the positively dispersive 
material.  We manipulated the spectral phases by symmetrically tilting each plate with same angles as shown in Fig. 
1a.  The produced intensity pulsed waveform was evaluated by applying the spectral-phase-interferometry method 
specifically designed for such discrete spectrum [2]. 
     In Figure 1b, we show the peak intensities of the produced pulsed waveform as a function of the angle α of the 
glass plate pair.  We measured the spectral phases around α = 40 – 55 degrees in detail (see the inset), and finally 
obtained the maximal peak intensity of %3.99 6.0

6.1



 for the TL condition at α = 45.4 degree. As seen in Figure 1b, the 

expected peak intensity curve (solid line) was in good agreement with the observed data, implying the usefulness of 
this approach.  The train of ultrashort pulses with a nearly TL pulse duration of 1.78 (+0.01)  fs (TL: 1.779 fs) was 
successfully generated (see the inset). 

References  
[1] K. Yoshii, J. K. Anthony, and M. Katsuragawa, “The simplest route to generating a train of attosecond pulses,” arXiv: 1207.6780v1 (2012); 
Light: Science & Applications  2, e58  (2013). 
[2] T. Suzuki, N. Sawayama, and M. Katsuragawa, "Spectral phase measurements for broad Raman sidebands by using spectral interferometry," 
Opt. Lett. 33, 2809-2811 (2008). 

 
Fig. 1 Transform limited pulse generation using the NEC method. (a) Schematic diagram of experiment for generating a TL pulse train. Two 
driving-fields  = 249.1422 THz (1203.299 nm) and 0 = 373.8868 THz (801.8268 nm) adiabatically drive a high vibrational-Raman-
coherence in parahydrogen (3.1  1020 cm3). The difference frequency THz is detuned by 250 MHz from the exact Raman-
resonance (v = 0 1).  (b) Normalized peak intensity variation of the intensity waveforms measured (solid circles) and calculated (lines) as 
a function of the angle  of fused-silica-glass plates. The inset shows enlarged view around optimum angle and the temporal intensity 
waveforms reconstructed with the spectral phases in the optimum angle.
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QASER: detailed analysis and further developments

Luqi Yuan1, Anatoly A. Svidzinsky1, Luojia Wang1, Christopher O’Brien1 and Marlan O. Scully1,2,3
1Texas A&M University, 2Princeton University, 3Baylor 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 Fig. 1). We present the results of numerical
simulations of the Maxwell-Schrödinger equations that demonstrate gain. Furthermore, in an intuitive
way, we find that the two normal modes in the system, which consist of coherent superposition of the
atomic and photonic excitations, should have the same gains. A simple near-resonant-drive scheme (in
Fig. 2) is also discussed, which shows amplification of the pulse in the backward direction due to the
QASER mechanism

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.

FIG. 2: Energy level schemes for the qaser in Ref. [1] and for near-resonant drive case.

[1] A.A. Svidzinsky, L. Yuan, and M.O. Scully, Phys. Rev. X 3, 041001 (2013).
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Dicke superradiance and Hanbury Brown and Twiss intensity interference:  
two sides of the same coin 
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1Institute for Optics, Information and Photonics, University of Erlangen-Nuremberg, Germany 
2Erlangen Graduate School in Advanced Optical Technologies (SAOT), University Erlangen-Nuremberg, Germany 
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Superradiance is one of the outstanding problems in quantum optics since Dicke introduced the 
concept of enhanced directional spontaneous emission by an ensemble of identical two-level 
atoms, situated in a collective highly entangled Dicke state [1]. However, the production of Dicke 
states with higher number of excitations remains a challenge. One option is the repeated 
measurements of photons at particular positions starting from the fully excited system. This 
amounts to measuring the m-th order photon correlation function for N > m emitters. In this case, 
if the detection is unable to identify the individual photon source, the collective system cascades 
down the ladder of symmetric Dicke states each time a photon is recorded, even for widely 
separated emitters. This is another example of measurement induced entanglement among parties 
which do not directly interact with each other [2–9]. Following this approach we show that an 
enhanced directional emission of spontaneous radiation can be produced via measurement of 
higher order correlation functions starting from initially uncorrelated systems [10,11]. The 
approach is applicable to a wide variety of quantum emitters like trapped atoms, ions, quantum 
dots or NV-centers. Surprisingly, the method is also valid for initially uncorrelated incoherent 
classical emitters. This is experimentally confirmed with up to eight statistically independent 
thermal light sources [11]. In both cases, i.e., for classical and quantum sources, the arrangement 
to measure the higher order correlation functions corresponds to a generalized Hanbury Brown 
and Twiss setup. This shows that the two phenomena, superradiance and the Hanbury Brown and 
Twiss effect, stem from the same interference phenomenon and are two sides of the same coin. 

 
Fig.: Measurement of the normalized m-th order 
correlation function for m = 2,…, 8 as a function of 
the position of the m-th detector at x2 for N = m 
statistically independent incoherent thermal light 
sources. The focussed emission of the m-th photon 
at x2 = 0 after m-1 photons have been recorded at x1 

= 0 is clearly visible. The theoretical predictions are 
displayed by the red (solid) curves.  
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Abstract 

 

In the talk I will discuss some recent quantum and classical experiments with 
Orbital Angular Angular Momentum of Light. This will include entanglement in 
very high dimensions. Such experiment aim at demonstrating explicitly that 
going to high quantum numbers does not in itself imply a transition to 
classicality.  

Another series of experiment concerns long-distance free-space communication 
through a turbulent atmosphere. There the challenge is that the OAM states 
themselves are rather sensitive to atmospheric disturbance. But, when using 
superpositions of OAM states instead of the states themselves, stable 
communication over kilometer distances with classical states can be achieved. I 
will also reflect on the status of long-distance free-space quantum 
communication through a turbulent atmosphere.  

Another interesting issue concerns the optical resolution achievable with 
superpositions of OAM states. 
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Photon-Spin Drag Induced Collective Electron Motions 
on a Metasurface 

Xingjie Ni and Xiang Zhang 
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The optical metasurface – an ultra-thin layer of elements which have unique property of locally tailoring 
the electromagnetic field at the nanoscale [1,2] – is an ideal platform to explore novel concepts for optical 
information processing, transformation optics, and quantum manipulation. Strong photonic spin-orbit 
interaction can be induced by light-bending metasurfaces. [3,4] We show that with this strong interaction 
the photon spin angular momentum can be further transferred to the collective motion of electrons in a 
conductive metasurface, which leads to a direct detection of photon spin states.  

 

Figure 1. A schematic view of a conductive metasurface for revealing strong photon-spin drag effect which 
is resulted from the direct coupling between photon spin degree of freedom to electron collective motion. 
The linearly arrayed nanoantennas provides a linear momentum Δk in the +x direction. The four edges of 
the metasurface are connected to four metallic pads acting as electrodes for electric current detection in 
both x and y directions. The abrupt light trajectory change leads to strong spin-orbit interaction and implies 
the exchange between the optical spin and electron orbital angular momenta. The spin states of the incident 
light, right-circular polarization (RCP) or left-circular polarization (LCP), will result in a transverse electric 
current It flowing in the +y direction or –y direction, respectively. 

[1] A. V. Kildishev, A. Boltasseva, and V. M. Shalaev, Science 339, 1232009 (2013). 
[2] N. Yu and F. Capasso, Nat Mater 13, 139 (2014). 
[3] X. Yin, Z. Ye, J. Rho, Y. Wang, and X. Zhang, Science 339, 1405 (2013). 
[4] N. Shitrit, I. Yulevich, E. Maguid, D. Ozeri, D. Veksler, V. Kleiner, and E. Hasman, Science 340, 
724 (2013). 
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Quantum memory of single γ-ray photon by Doppler Frequency Comb  
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Nuclear transitions in solids in 10-100 keV range typically have very narrow lines defined by the life 
time broadening even at room temperatures. Potentially they could provide very efficient highest 
densities long lived quantum memory. However they are difficult to manipulate. Thus the standard 
techniques of quantum storage developed for electronic transitions in optical range, such as EIT, 
Raman, Atomic Frequency Comb (AFC) and Gradient Echo Memory (GEM) can’t be directly used here.    

We propose to store and retrieve a single γ-ray photon by a series of resonant Mössbauer targets 
(specifically, 57Fe slabs) moving with different velocities. Such velocity spectrum forms a frequency 
comb due to Doppler effect, which we name as Doppler frequency comb (DFC).  

The proposed scheme can operate in two regimes. In the gradient frequency comb (GFC) case, each 
target moves with different velocities without switching directions [Fig. 1(a)]. The effective spectral 
comb structure determines the rephrasing time T0 = 2π/(Δω) as well as the storage efficiency in the 
same manner as AFC. However, instead of burning comb structure in a broad inhomogeneous 
broadening profile, which is not available in Mössbauer solids, GFC utilizes very narrow resonant line-
width to achieve quantum memory of single γ-ray photon. 

In the second scenario, which we call step-wise gradient echo memory (SWGEM) regime, all the 
Mössbauer targets switch moving directions at time tsw [Fig. 1(b)]. This effectively switches the phase 
evolution direction of each polarization component. After the same period of time rephrasing 
happens in the same way as in GEM scheme, so we get an echo signal at t = 2tsw. But unlike in GEM 
scheme (which is difficult to implement on nuclear transition), the frequency gradient is discrete 
rather than continuous.  

 

 
Figure 1. Quantum memory of single γ-ray photon using five 57Fe slabs moving at different 
velocities. (a) In GFC regime, the velocity of each individual Mössbauer target keeps unchanged 
throughout whole storage and retrieval processes. (b) In SWGEM regime the velocities of the 
Mössbauer targets switch directions after storage.  
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Beam shaping and production of vortex beams in coherent Raman
generation
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As depicted in Figure 1, nonlinear cascaded Ra-
man effects from the crossing of two-color beams
can give many orders of coherent Raman sidebands
[1]. This process provides one promising pathway
toward production of ultrashort (∼1 femtosecond
or shorter) pulses and time-shaped laser fields.

We explore another dimension for light shaping,
and add the possibility of transverse beam shaping
[2, 3]. Experimental results from the generation of
Raman side-bands using optical vortices are pre-
sented and confirm that precise spatial and tem-
poral shaping of the beams is possible. Figure 2
presents a sample of such results. In particular,
a series of experiments on the helicity and topo-
logical charge in each sideband order will be dis-
cussed. We also propose a new, improved setup
that will incorporate spatial light modulators, al-
lowing us to change the orbital angular momentum
of each beam quickly and easily, thereby extending
our study of optical vortices to higher order beams.

We gratefully acknowledge support from the

FIG. 1. Coherent Raman sidebands generated in a
PbWO4 crystal. See our poster, titled “Towards Syn-
thesis of Ultrafast Waveforms using Coherent Raman
Sidebands”.

a)

d)

c)

b)

FIG. 2. a) A phase map that may be used to generate a
vortex beam with the aid of a spatial light modulator.
b) An unshaped beam profile. c) An example inten-
sity pattern produced by the interference between an
unshaped beam and a vortex beam; for this example,
which involved coherent Raman excitation by a pair
of time-delayed chirped laser pulses, the optical vortex
was produced with the help of a spiral wave plate [2].
d) A vortex beam profile, produced with a spatial light
modulator.

NSF (Grant #PHY-1307153) and the Welch Foun-
dation (award No. A-1547).

[1] M. Zhi, X. Wang, and A. V. Sokolov, Optics Ex-
press 16, 12139 (2008).

[2] J. Strohaber, M. Zhi, A. V. Sokolov, A. A.
Kolomenskii, G. G. Paulus, and H. A. Schuessler,
Optics Letters 37, 3411 (2012).

[3] M. Zhi, K. Wang, X. Hua, H. Schuessler, J. Stro-
haber, and A. V. Sokolov, Optics Express 21,
27750 (2013).
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Towards Synthesis of Ultrafast Waveforms using Coherent Raman
Sidebands

Alexandra Zhdanova,1 Kai Wang,2 Miaochan Zhi,3 Hua Xia,1 and Alexei Sokolov1
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Texas A&M University, College Station, TX 77843-4242 USA

2Department of Physics and JILA, University of Colorado, Boulder, Colorado 80309-0440, USA
3Biosystems and Biomaterials Division, National Institute of

Standards and Technology, Gaithersburg, MD 20899-1070, USA

Coherent Raman sidebands generated from
a Raman-active medium have the potential to
serve as a source of single cycle pulses [1].
In particular, we propose and present vaious
schemes to combine sidebands generated in dia-
mond or lead tungstate into a single cycle pulse.

In our newest experimental setup, as depicted
in Figure 1, we refocus and align the generated
Raman sidebands with the residual beam of the
idler from the OPA spatially and temporally.
Nonlinear effects that arise from such overlap
are pictured in Figure 2. We then fix a Xenon
gas chamber in place of the crystal and exam-
ine the characteristics of the resultant pulse by
studying the ionization of the gas.

This is a substantial improvement over ear-
lier setups, which were not able to achieve indi-
vidual phase control of the sidebands and were

screen
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FIG. 1. Our current scheme for single-cycle pulse
synthesis.

FIG. 2. Nonlinear effects arising from the Raman
excitation and four-wave mixing of many different
beams, including ones previously generated through
Raman mixing.

severely limited by the maximum power of the
synthesized pulse.

We find that the ionization of the gas is
highly nonlinear, indicating promise for our end
goal of synthesizing a multi-octave, Fourier lim-
ited pulse. Eventually, we intend to use thise
pulses to study ultrafast processes in atoms and
molecules, such as electron dynamics.

We gratefully acknowledge support from the
NSF (Grant #PHY-1307153) and the Welch
Foundation (award No. A-1547).

[1] Miaochan Zhi and Alexei V Sokolov. Toward
Single-Cycle Pulse Generation in Raman-Active
Crystals. IEEE Journal of Selected Topics in
Quantum Electronics, 18(1):460–466, 2012.
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Femtosecond Optical Kerr Effect spectroscopy on glass forming liquid 

Miaochan Zhi, Marcus T. Cicerone 

NIST, 100 Bureau Drive, Gaithersburg, MD, 20899-8543 

Numerous organisms are capable of surviving more or less complete dehydration by accumulating large 
amounts of disaccharides, the most common of which are sucrose and trehalose [1].  Based on this, 
Sugars have been frequently used as stabilizers to protect proteins against degradation during freeze 
drying and storage [2].   

However, how the sugar preserves the 
protein is unknown.  One hypothesis is 
water replacement, i.e.  the sugars replace 
the water around polar residues in labile 
macromolecular assemblages such as 
membranes and proteins, thus stabilizing 
these structures in the absence of 
appreciable amounts of water. Another 
viewpoint is that sugars stabilize 
anhydrobiotic organisms by forming 
glasses (or vitrification).  

Cicerone et al. have shown that there is a 
clear connection between protein stability 
and ps-ns dynamics in glass, and have 

associated the latter with transport phenomena [3].  Optical Kerr effect (OKE) spectroscopy can 
independently measure relaxation and transport of proteins and the glass former on time scales from 
femtosecond to nanosecond.    We use femtosecond heterodyne-detected (HD-OKE) spectroscopy to 
study the dynamics of glass forming liquids.  From the OKE signal in simple glass forming liquid---
propylene carbonate taken at different temperatures (see Figure), we aim to find out what one can 
quickly measure to identify the top formulation candidates.  

[1] Crowe, John H., John F. Carpenter, and Lois M. Crowe. "The role of vitrification in 
anhydrobiosis."  Annual Review of Physiology 60.1 (1998): 73-103. 

[2] Pikal, Michael J., et al. "Solid state chemistry of proteins: II. The correlation of storage stability of 
freeze-dried human growth hormone (hGH) with structure and dynamics in the glassy solid." Journal of 
pharmaceutical sciences 97.12 (2008): 5106-5121. 

[3] Simmons, David S., et al. "Generalized localization model of relaxation in glass-forming liquids." Soft 
matter 8.45 (2012): 11455-11461. 

Speaker: Miaochan Zhi
Session: Novel Optics
Schedule: Thursday Morning Invited Session 1

PQE-2015 328



Solid-state plasma generation and manipulation at sub-

femtosecond time scales 

P. A. Zhokhov1,2 and A. M. Zheltikov1,2,3 

1Physics and Astronomy Department, Texas A&M University, College Station, Texas, USA 
2Russian Quantum Center, Skolkovo, Moscow Region, Russia 

3 International Laser Center, Physics Department, Lomonosov Moscow State University, Moscow, Russia 

 

 

Interaction of electromagnetic radiation with 

electrons is the key mechanism whereby the laser 

field acts upon matter. Laser fields with a 

sufficiently high intensity, typical of modern 

short-pulse laser sources, give rise to field-induced 

ionization of atoms and molecules, generating free 

electrons. Since such ionization occurs on an 

extremely short, subfemtosecond time scale, it 

defines time zero for a sequence of complex 

physical phenomena and often structural 

transformations in matter. In the gas phase, both 

theoretical treatment of photoionization and novel 

experimental techniques based on the detection of 

ions and/or departing electrons have recently led 

to the breakthrough in attosecond pulse 

generation technology. Observation and control of 

attosecond dynamics in solids requires yet another 

approach both in theory and experiment. We 

develop an extension of Keldysh photoionization 

theory of solids [1] that enables calculation of 

photoionization probability and photocurrents at 

sub-field-cycle time scale [Fig. 1]. The resulting 

expressions for currents in photoionized solid-

state plasma are used to numerically simulate a 

variety of all-optical pump-probe experiments.  We 

demonstrate the possibility of phase-sensitive 

probe pulse amplification due to the motion of 

electrons in the conduction band [Fig. 2]. We also 

propose a scheme of directional current driving at 

optical frequencies, whereby carriers created by 

fundamental wave are driven by the second 

harmonic; the direction of net current is controlled 

by the relative phase between harmonics.  

Implications for the theoretical description of 

optical breakdown by ultrashort laser pulses are 

discussed.  

   

 

[1] P. A. Zhokhov and A. M. Zheltikov, “Field-Cycle-Resolved Photoionization in Solids,” Phys. Rev. Lett., vol. 113, no. 

13, p. 133903, Sep. 2014. 

 

FIG. 2. Scheme of photoionization-based light 

amplification. Conduction band (CB) population 

oscillates each half-cycle of the pump field (dash-

dotted red line), storing and releasing energy every 

quarter-cycle of the pump field. When probe field has 

peaks synchronized with the release of pump energy 

(solid blue line), it experiences amplification. When 

probe field has peaks synchronized with peaks of CB 

electron population, it experiences additional 

refraction (dashed green line). 

FIG. 1. Diagram of charge acceleration and plasma 

currents formation during photoionization. At the 

moment t0 electron is created in conduction band with 

momentum p0 . Interband transition causes current Jvc 

(left panel) Electron is then accelerated by the field, so 

at time t1 electron momentum is p1 =p0 + A(t1) – A(t0) , 

where A(t) is vector potential of the field, causing 

intraband current Jcc (right panel)  
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Quantum-Coherence-Controlled Nanolaser Dynamics 
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Laser dynamics can exhibit a rich variety of phenomena including periodic 

relaxation oscillations and chaos. Surface plasmon nanolasers have been 

predicted [1,2] and experimentally demonstrated [3-6] but their dynamics 

has not been well understood. Here we theoretically investigate ultrafast 

dynamics of plasmon nanolasers in different regimes [7-9] and in particular 

the transition to chaos. We vary several parameters such as feedback 

strength, pump rate and drive Rabi frequency, and identify quantum 

coherence as a relevant control parameter. 

 
Phase plane description of the relation between population inversion and number of plasmons. 

 
[1] D. J. Bergman and M. I. Stockman, Phys. Rev. Lett. 90, 043601 (2013) 
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Abstract 
An ideal experiment is designed to determine the past of a particle in the nested 
Mach-Zehnder interferometer (MZI) by using standard quantum mechanics with 
quantum non-demolition measurements. We find that when the photon reaches the 
detector, it only follows one arm of the outer interferometer and leaves no trace in the 
inner MZI; while when it goes through the inner MZI, it cannot reach the detector. 
Our result obtained from the standard quantum mechanics is contradict to the 
statement based on two state vector formulism, “the photon did not enter the (inner) 
interferometer, the photon never left the interferometer, but it was there”. Therefore, 
the statement and also the overlap claim are incorrect. 

Fig. 1. Non-demolition (QND) measurement that can reveal the presence of the 
photon inside inner interferometer without disturbing its interference. The two paths 
of the inner interferometer are symmetric with respect to the middle coherent beam in 
the Kerr-medium. 
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    Nonlinear cavity quantum electrodynamics (CQED) 
is an important research topic and has wide applications 
in quantum electronics and photonics. We propose a 
method to study the nonlinear CQED in a coupled 
cavity and atoms system and reveal the quantum nature 
of the multifold ladder states in the CQED system. We 
present experimental results that demonstrate the 
interference control of the multi-photon excitations of 
the CQED system. The observed nonlinear excitation of 
the cavity QED ladder state agrees with a theoretical 
analysis based on a fully quantized treatment of the 
CQED system, but disagrees with the semiclassical 
analysis of the cavity QED system. Thus our 
experimental work represents a direct observation of the 
quantum nature of the nonlinear CQED system. 
     The multiatom CQED system is depicted in Fig. 1 in 
which three-level atoms are collectively coupled by a 
cavity and two free-space coupling laser 
fieldsand2 with Rabi frequency 1 and 2, 
respectively. The collective coupling of the atoms and 
the cavity mode form a multifold ladder of the 
eigenstates that consists of superposition of the Dicke 
type atomic states and the photon number states 
depicted in Fig. 1(b). With Ng1 and Ng22   (g is 
the cavity-atom coupling coefficient and N>>1 is the 
number of atoms in the cavity mode), the coupling field 
1 creates the dressed doublet 2/1 (1->+|s,0>) and 2/1

(|1->-|s,0>), and the coupling field 2 creates the dressed 
doublet 2/1 (|2->+|s,1>) and 2/1 (|2->-|s,1>) in the  
quantum ladder as shown in Fig. 1(b), which leads to 
multiple excitation paths for a weak probe laser coupled 
into the cavity. When the probe laser is tuned to one of 
the normal mode transitions at Ngp  , the single-
photon excitation and the two-photon excitation are 
simultaneously suppressed by the destructive quantum 
interference, leaving the three-photon excitation 
resonantly enhanced and thus leading to the direct 
excitation of the higher-order quantum state |3->. 
    The experiment was performed with cold Rb atoms 
confined in a cavity. The experimental results are shown 
in Fig. 2. Fig. 2(a) plots the probe excitation spectrum 
without the two coupling fields and exhibits two peaks 
located at  Ngp 36 MHz and representing the 
two normal modes of the CQED system. Fig. 2(b) plots 
the spectrum with only the coupling field 1 ( Ng1 ) 
and exhibits a narrow dip at Ngp  , showing 
suppression of all orders of the probe excitation. Fig. 
3(c) plots the spectrum when both coupling fields are 
present (with Ng1 and Ng22  ). A small spectral 
peak appearing at Ngp   (the dip location in Fig. 
2(b)) is from the three-photon excitation and  
demonstrates  the  direct  three-photon  excitation of the 

 
 

 

   (a)                                        (b) 

Fig.1 (a) Coherently coupled multi-atom CQED system in 

which N three-level atoms are coupled to the cavity mode and 

two free-space laser fields and2. (b) The eigenstates 

ladder of the CQED system showing the dressed states formed 

in the lower two ladders by the two coupling fields. 

  
Fig. 2 Cavity-transmitted probe intensity versus the probe 

frequency detuning p. Blue lines are experimental data and 

red lines are theoretical fits. (a) Without two coupling fields 

( and20). (b) With only coupling field 1 (10 

MHz and20). (c) With both coupling fields (≈210 

MHz),  

 
3rd-order CQED state |3-1>.    
    The theoretical calculations based on a quantized 
analysis of the multi--level CQED system with a 
truncated state basis are plotted in Fig. 2 and agree with 
the experimental measurements. But the theoretical 
calculations from a semiclassical analysis of the CQED 
system reproduce all spectral features exhibited in Fig. 2 
except the small peak (the three-photon excitation peak) 
at Ngp   in Fig. 2(c). This confirms the quantum 
nature of the direct excitation of the higher-order ladder 
state of the CQED system.   
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T 3-interferometer for precise measurements

Matthias Zimmermann1, Maxim A. Efremov1, Wolfgang P. Schleich1,
Sara Desavage2, and Frank Narducci2

1Department for Quantum Physics, Ulm University, Ulm, Germany
2Naval Air Systems Command, EO Sensors Division,

Patuxent River, Maryland, USA

We present a novel scheme for an atom interferometer in order to increase the precision
in measuring the gravitational acceleration g by a few orders of magnitude. The propagator
of a massive particle in a linear gravitation potential is well-known to contain a phase ϕg

scaling with the third power of time T [1], ϕg ∝ g2T 3. However, since in the conventional
schemes [2,3] for atom interferometers both the ground and the excited atomic states are
exposed to the same gravitational acceleration g, the phase ϕg cancels out and the in-
terferometer phase scales as T 2. In contrary, by applying an external magnetic field, we
effectively prepare two different accelerations gg and ge for the ground and excited states of
the atom. In this way, depending on its internal state, the atom experiences two different
phases ϕ(g,e)

g ∝ g2g,eT
3 and the total interferometer phase scales as T 3.

[1] R.P. Feynman and A.R.Hibbs: Quantum Mechanics and Path Integrals (McGraw-
Hill Companies, 1965)
[2] W.P. Schleich, D.M. Greenberger, E.M. Rasel, New J. Phys. 15, 013007 (2013)
[3] E. Giese et al.: Proceedings of the International School of Physics ”Enrico Fermi”
15-20 July 2013 - Atom Interferometry, Course 188 (IOS Press, 2014); arXiv:1402.0963
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